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Abstract
There is a need for outcome measurement tools which are able to provide accurate and reliable 
information regarding the efficiency and efficacy o f  therapeutic intervention o f  soft tissue injury 
e.g. ligament tear. Electrical activity within the body tissues has been shown to be influenced 
by the tissue state, and following injury, bioelectric changes have been demonstrated for 
example in bone healing and nerve regeneration.
This project considers the relationship between the electrical potentials recorded from the skin 
surface and clinical recovery following a soft tissue lesion. The measurement o f  the skin 
potential is not new but the application and approach used is novel in that a non invasive 
differential skin surface potential is used instead o f  the traditional and invasive transcutaneous 
potential.
The differential potential was initially investigated in non injured subjects in order to gain an 
understanding o f  its character and behaviour. Simultaneous monitoring o f  environmental, 
physiological and psychological factors enabled evaluation o f  their influence on the generation 
mechanisms. In order to carry out the work, specialist instrumentation was designed and 
computer software developed.
Injured subjects were recruited during two test series and the results compared with those 
obtained from the non-injured subjects. Differences in potential profiles were marked on 
occasions. However a significant percentage o f  injured subjects presented a profile which was 
very similar to the non injured subject potentials.
The failure to demonstrate consistent differences between potentials from the groups may 
reflect the lability o f  tissue potentials or that their behaviour is not purely related to local tissue 
state. Psychological factors were shown to exert influences on the potentials and differences in 
environmental and physiological conditions may also be responsible for the variations seen.
The refinement o f  the test apparatus and protocol which is discussed may facilitate more 
discriminative data collection.
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Chapter 1
1. Introduction
1.1 Introduction and Aims of the Research
The research aims to evaluate the reliability and validity of differential electrical potentials measured from the 
skin surface as an objective indicator of the soft tissue state following injury.
The project has three main components - (a) the development of a novel instrumentation and software system 
for recording the potentials, (b) the investigation of differential surface skin potentials (DSSP’s) in non injured 
subjects and (c) the investigation of the potentials in subjects who have recently experienced a soft tissue lesion, 
following these subjects through to recovery where possible.
The skin potential is the measured potential (voltage) between two skin electrodes when no current is applied 
(Leonesio and Chen 1987). Skin potential recording techniques in the literature almost exclusively involve 
measurement of the potential difference across the skin (i.e. from the external surface of the skin to the internal 
environment of the body - the transcutaneous potential). This work uses differential skin potential 
measurements from pairs of surface electrodes on both lower limbs, limited to the DC or ultra-low frequency 
range. The characteristics of these signals from injured or uninjured subjects are largely unreported in the 
literature.
Electrical correlates of physiological function have been investigated widely though spasmodically for more than 100 
years. Several reports have suggested that the skin and musculoskeletal tissues (muscle, bone and associated tissues - 
ligament, tendon and fascia) are not only electrically sensitive but appear to be capable of generating specific electrical 
potentials - usually referred to as endogenous bioelectric potentials in that they arise from within the body. Changes in 
these endogenous potentials following injury or pathology have been reported (e.g. Foulds and Barker 1983, Chakkalakal 
1988, Lokietek 1974).
Electrical potentials recorded from the skin surface may arise from a number of generator mechanisms which 
include the skin and the underlying musculoskeletal tissues. These are reviewed in Chapter 2. The 
experimental work reported concentrates on the relationship between the magnitude, polarity and 
characteristics of the potentials and the physiological state of the individual in both the non injured and injured 
conditions. This research does not specifically investigate the source of the measured potentials or attempt to 
ascribe any cause-effect relationship between skin potentials, injury and recovery, although the published 
research which has considered these complex issues is reviewed. The primary aim of the work is to establish 
whether there is a valid and reliable relationship between differential potentials recorded from the skin surface 
and the progress of a soft tissue lesion from injury to recovery. Correlation with environmental, physiological 
and psychological variables is reported in an attempt to establish which factors could be associated with skin 
potential behaviour.
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1.2 Previous Work
Elements of the work had been investigated prior to commencement of the experimental components of the 
PhD. Firstly, the author, as a part of his BSc project (Watson 1988) had made a preliminary investigation of the 
surface skin potentials in non injured subjects using a commercial bench multimeter Section 4.1.2). Secondly, 
Wood (1990) had designed and tested a prototype dedicated skin potential measuring device in accordance with 
tlie hypotheses proposed by the author in the initial phase of this research. This system was developed by Wood 
during an MSc project and continued as a part of his PhD, taking it from a single channel instrument to a 
computer interfaced dual channel system as used in the main non injured and injured trials (Section 4.2).
1.3 Reason for conducting the research
The evaluation of treatment efficiency (functioning with the least waste of effort) and efficacy (being capable of 
producing an intended result) using objective methods enables practitioners to make reasoned choices regarding 
the treatment technique(s) which are most likely to achieve the optimum results for a patient.
The primary interest of the author is the use of electrotherapy in clinical medicine in order to alter or enhance 
physiological function (e.g. the use of Pulsed High Frequency Energy to promote soft tissue repair, the use of 
Interferential Therapy to enhance resolution of oedema). Many treatment techniques are claimed to 'speed the 
rate of tissue healing' yet there is limited supportive evidence for some modalities.
One of the problems in clinical research regarding treatment efficiency and efficacy is the apparent lack of 
appropriate research tools which can be used for outcome measurement. The purpose of this study therefore is 
not necessarily to create a new measurement tool for daily clinical use, but to provide a research tool which can 
be used to fill some of the knowledge gaps and consequently enhance clinical decision making.
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1.4 General Hypotheses
A  general hypothesis for the project can be formulated thus:
The electrical activity of musculoskeletal tissues following injury will vary from 'normal', and by 
measuring the changes in the differential skin potential from the skin surface, it will he possible to 
objectively assess the rate and extent of the repair process.
The hypotheses for the experimental work reflects the subdivision of the research into its elements:
a) that there will he a measurable D C potential from the skin surface in non injured and injured subjects.
b) that the potentials measured from the left and right limbs of a non injured subject will be similar on the same
occasion.
c) that the potentials from the limbs of a non injured subject will be similar when measured on subsequent
occasions.
d) that following injury, the measured potentials will show a significant difference from those recorded from
non injured subjects.
e) that there will be a progressive change in the potentials recorded from injured subjects as clinical recovery
occurs.
f) that skin potentials from injured subjects, some time after the insult (related to tissue repair), will be
indistinguishable from those recorded from non injured subjects.
1.5 Context of the Research
Within physiotherapy practice, there is a need for objective measurement systems which can be used as 
research toolsto evaluate the effectiveness of various treatment modalities (Bohannon 1989). It has been 
suggested by Rothstein (1985) that 'Without a scientific basis for the assessment (and measurement) process, we 
face the future as independent practitioners unable to communicate with one another, unable to document 
treatment efficacy, and unable to claim scientific credibility for our profession.'
In the current clinical climate where audit has become an important factor in decision making, improved 
performance is being carefully considered by many practitioners. Beyond current political trends, improving 
treatment outcomes is part of the ethos of clinical professionals. Clinical decision making is a complex topic, 
but essentially has several components, including identification of the problem, developing a hypothesis as to
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why the problem exists, and generation of a treatment plan (Rothstein 1985, Balia et al 1989). This is based 
both on the knowledge base of the profession ctad. . experience. Even with adequate knowledge,
decision making can be very difficult in the early stages of practice (Abercrombie 1979). An increasing 
awareness of research through the basic education of clinicians has resulted in a change of emphasis in the 
decision making process in therapists. Gaps in the background knowledge have become more evident over the 
last ten years. In Borks' introduction to research in physical therapy, he identifies the problem as a combination 
of a relatively small knowledge base and a largely anecdotal basis for treatment (Bork 1993).
At the present time, treatment effectiveness is primarily measured or assessed by using subjective or quasi- 
objective measurements. Examples include the Visual Analogue Scale for pain, circumferential tape 
measurements for oedema, manual muscle testing to assess muscle function. Although some of the methods 
employed have been shown to be valid within specified criteria, the inter-rater reliability is often poor, leading 
to limited acceptance of research results (Rothstein 1985, Lamb 1985, Miller 1985).
Additionally, it is often very difficult to establish with any degree of certainty whether the effect of treatment 
constitutes an alteration of the disease state (an objective modification) or a perceived improvement/change 
from the patients or therapists viewpoint (a subjective modification).
Several researchers have evaluated aspects of clinical practice and have concluded that the placebo effect of 
treatment and intervention is responsible for much if not all of the change in the patients condition (e.g. Grant 
et al 1989). Within the profession, many treatment modalities are used which are applied with the intention of 
modifying the 'disease process'. Modes of action and treatment selection rationales are largely based on clinical 
findings, empirical and anecdotal evidence (Bork 1993). The placebo effect of any therapeutic intervention can 
be important in relation to the treatment programme as a whole, but it would be advantageous to be able to 
separate the placebo effects from the physiological/pathological changes that occur.
The electrical activity of the body has been extensively investigated in the last 100 years, leading to the 
development of numerous clinical investigation techniques which have established a place in medical practice 
e.g. ECG, EEG, EMG.
The endogenous electrical activity of the body arises from a variety of sources, some of which are well 
documented whilst others remain more obscure in their origins and control mechanisms (Offner 1984, Leonesio 
and Chen 1987). The relationship between endogenous electrical activity (not exclusively potentials), injury 
and healing have been researched in several areas of clinical practice. These investigations appear to follow 
three main themes:
1) that the endogenous electrical activity of the body can be used as an indicator of a particular pathological 
process without necessarily attributing a cause/effect relationship. (Edelberg 1971,1977, Marino 1989, 
Woodrough etal 1975).
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2) that the endogenous electrical activity of the body acts as an initiator, control mechanism or modulator of the 
post embryonic growth and healing processes (Becker et al 1962a,b,1967,1974, Borgens 1982, Foulds and 
Barker 1983, Hinkle et al 1981, Illingworth and Barker 1980, Patel and Poo 1982).
3) that by enhancing the endogenous electrical activity of the damaged tissues, the growth and/or healing 
processes can be stimulated or enhanced (Brighton et al 1981, Brown et al 1988, Carley and Wainapel 
1985, Kincaid 1989, Kloth and Feedar 1988, Reed 1988, Rowley et al 1974, Wheeler et al 1971).
No research has been identified which has utilised endogenous potentials measured from the skin surface as an indicator 
of the healing state following soft tissue injury. In the context of the current research, the soft tissues constitute muscle, ■
ligament, tendon, fascia, bursa and skin. Nerve regeneration and fracture healing potentials have been investigated are are j
I
considered in Chapter 2. |
From the hypothetical concepts and experimental evidence studied, living tissue systems manifest a particular 
level of endogenous electrical activity, most likely arising from a series of batteries and membrane potentials 
(Chapter 2), These potentials can be expected to undergo a degree of change following injury (Becker 
1962,1967, Dunn et al 1988, Konikoff 1976, Leonesio and Chen 1987) and a progressive return to the 'normal' 
state as the damaged tissue returns to its pre-injured condition (Becker 1967, Chakkalakal et al 1988, Rowley et 
al 1974).
Following the literature review, a rationale is presented for the use of differential surface potentials as opposed 
to the more traditional transcutaneous skin potential measurement systems (Chapter 3). The instrument design 
and experimental work for the project was considered to follow three main phases:
STAGE 1 The development of a system to measure the differential skin potential from surface electrodes,
development of the computer interface and software together with testing and evaluation of the 
system. (Chapters 4 and 5)
STAGE 2 Establishing the magnitude, polarity and characteristics of the potentials from non injured subjects 
(over time periods of 1 - 3 weeks), comparing equivalent tissue masses from opposite lower limbs.
(Chapters 6-9)
STAGE 3 Establishing the magnitude of the change in skin surface potential behaviour following soft tissue 
injury and the behaviour of the potentials over an appropriate time period for healing/repair 
(Chapters 9-10).
Stage 1 of the work also involved the development of appropriate subject testing procedures for the second and 
third phases. Physiological, anthropometric and environmental tests were incorporated alongside the skin
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potential measurements to allow a more extensive consideration of the relationships between the measured skin 
potentials and variables which might exert an influence on them in addition to soft tissue injury (Chapter 7).
The tests with non injured subjects included students and staff at the University and at the authors workplace 
(Physiotherapy Section at the West London Institute). Thirty non injured subjects were investigated during 
these tests (Chapters 8 and 9), and it was anticipated that simultaneous testing could be performed on students 
who had recently experienced a soft tissue lesion. The numbers of injured subjects at the second location were 
much smaller than had been expected (15), and an extended third phase was conducted in the Orthopaedic Unit 
at Ashford Hospital, where a further population of subjects (5) with musculoskeletal trauma were investigated 
(Chapter 10). The total injured subject sample remained small even with the additional tests in the clinical 
setting, giving 20 injured subjects altogether.
The non injured subject trial at the University is referred to as the A Series, the combined non injured and 
injured subject trial at the West London Institute the B Series and the Clinical trial at Ashford Hospital, the C 
Series.
1.6 The need for an objective measurement system in clinical electrotherapy research
In electrotherapy, clinical judgement is confounded by the rapid changes that have taken place over the last few 
years. Many new (or modified) treatment techniques have become available with a limited research base for 
their use. There are few research publications which compare the efficacy of one treatment with another (e.g. 
Quirk et al 1985, Vasseljen 1992) and not many more which consider the basic physiological effects of the 
modality itself.
In the light of these rapid advances, there is a need for published research which not only identifies the 
mechanism of action of the new modalities, but also provides comparative results with the treatments already in 
existence and with control groups. The selection of a treatment modality for a particular clinical problem is 
largely based on anecdotal and empirical evidence together with information provided by the companies 
manufacturing and selling the equipment. A recent publication concerning clinical laser therapy in Northern 
Ireland (Baxter et al 1991) used a survey to consider a wide range of laser use issues. One section deals with the 
source of formal and informal instruction on laser therapy for the 116  respondents. Almost 70% of these 
practitioners gained their formal information from manufacturers' seminars whilst almost 90% used the 
suppliers1 literature for their informal training. These are not exclusive groups as some therapists also attended 
courses or attempted to search the literature for further information. The salient point is that for many 
practitioners, laser therapy would not have been included in the core training, and the reliance on 
manufacturers information for determining methods of application in clinical practice raises issues of 
professional ethics. The clinician should not have to rely on manufacturers information as the primary source of 
training in a new method, yet adequate investigative and comparative trials have not been published.
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An example from electrotherapy research highlights the need for adequate objective outcome measurements 
when conducting comparative trials. Vasseljen (1992) compared laser therapy with ultrasound and transverse 
frictions (established techniques in treating tennis elbow) in a randomised trial. The method of evaluating 
which treatment produced the greater effect was divided into two parts - assessment of the subjective and the 
objective changes. The subjective tests constituted a Visual Analogue Scale (to assess current pain state) and 
completion of a scale relating to the patients' own judgement of progress (choice of 4 categories). The objective 
measurements constituted a test for grip strength, a weight test (the ability to extend the wrist with a weight in 
the hand and without pain) and a goniometric measurement of wrist flexion before pain onset.
Correspondence has been published in the professional journal questioning the trial methodology (e.g. that no 
control group was included and that one treatment was blind whilst the other was not), but the testing 
procedures involved generated no comment The overall conclusion of the trial was that both treatment groups 
improved significantly but that laser therapy was no more effective in relieving the symptoms than traditional 
therapy. The pertinent issue to the current research is the testing procedure used to evaluate treatment 
effectiveness. Some of the tests were acknowledged to be subjective (questionnaire and VAS pain scale) whilst 
others were purported to be objective (grip strength, free weight test and range of movement). The problem 
with these objective tests is that at least 2 of the 3 tests relied on the patients' perception of pain to achieve a 
result. Pain perception is clearly a complex issue (Wall and Melzack 1984) and the tests are not strictly 
objective (existing independently of perception) but quasi-objective.
The question is raised (and this paper provides but one example) as to how one might objectively evaluate the 
changes that take place in the tissues following injury and subsequent treatment without invoking patient 
perceptions or subjective bias. A measurement tool which was capable of reflecting physiological change in the 
tissues without relying on patient perception of pain, improvement or well being, could be used in research. 
Elimination of subjective information from clinical practice or research is not advocated in this context Over­
reliance on 'measurement information' is at least as bad as not measuring anything. The subjective information 
provided by the patient is very important in taking the 'holistic' approach to treatment. The need for objective 
measurement in the context proposed here is primarily for the clinical research programme - a necessary 
process to provide evaluation and comparison of treatment techniques to allow future development within the 
profession.
1.7 Rationale for using skin potentials as the objective indicator
Electrical intervention as a form of treatment (electrotherapy) is common in clinical practice, using a wide 
range of energy forms from interrupted DC, through a variety of low and middle frequency AC stimulations 
through to higher frequency EM waves in MHz and GHz bands, including Laser therapy. Current practice
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suggests that very low levels of these stimulations are capable of exerting strong physiological effects (e.g.
Bentall et al 1985, Karu 1987), If the body is capable of both responding to low level external stimuli and 
generating its own electrical potentials, the measurement of some aspect of the internal electrical activity could 
provide an insight into the physiological processes which are predominant at a particular moment in time.
The literature review (Chapter 2) considers the generation and behaviour of the endogenous electrical signals. 
Measurement of skin potentials as an indicator of the physiological processes associated with tissue damage at 
depth has only been reported in a few instances (e.g. Marino 1989, Woodrough et al 1974) and none of these 
relate specifically to soft tissue injury.
The choice of electrical potentials rather than other forms of measurement (e.g. resistance, impedance, 
admittance) was made on the basis that if low energy inputs are capable of modifying physiological processes, it 
would be inappropriate to utilise any form of energy input into the body in order to make such a measurement - 
a situation where the measurement device may interfere with the system being evaluated. Measurement of 
resistance, capacitance, impedance, conductance and admittance all require energy introduction into the tissues 
although often on a small scale. Suggestions have been made in the literature that there are changes in some of 
these parameters associated with healing (e.g. Adam et al 1983). Measurement of potentials can be made from 
the skin ostensibly with no energy input and therefore are the technique of choice in this context. Even under these 
circumstances, the measurement system will affect the body tissues by virtue of the chemical interaction between the 
electrode/electrolyte and the skin though it is anticipated that the interference will be minimal.
1.8 Organisation of the thesis
Following the literature review (Chapter 2) and the rationale for the new measurement system (Chapter 3), the 
design of the system and associated software are considered in Chapter 4. The initial system tests and 
evaluation are described in Chapter 5 and the subsequent pilot studies on non injured subjects and a small 
injured subject population are reviewed in Chapter 6.
Following these initial tests, there was a need for a more detailed consideration of the environmental, 
physiological and psychological factors which may influence the skin potential measurement as several 
unexpected results had been recorded. This resulted in the construction and evaluation of a basic environmental 
test chamber and hence to the development of the full test protocol. These elements are described in Chapter 7.
The A, B and C test series are presented in Chapters 8,9 and 10. The discussion is largely considered 
throughout the thesis due to the multi faceted nature of the work. Chapter 11 draws on the conclusions from 
each element and relates the results to the original hypotheses. The possible future work and implications for 
clinical practice are also considered in this chapter.
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2. Literature Review
Many facets of bioelectric activity have been investigated using both animal and human models. The scope of 
bioelectric research is wide, ranging from alterations in skin potentials in response to psychological stress and 
sleep, through to changes in cell membrane potentials in response to external electrical stimulation. In an 
attempt to establish some order to the breadth of research, an organisational model was constructed, grouping 
the research efforts by general headings. This model is inevitably both incomplete and open to interpretation, 
but aims to provide a background to the scope of the subject from which some elements are reviewed herein. 
Much of die published research is of peripheral relevance to die current project, and although important in die 
overall context of bioelectric research, is not considered in detail in this review. There are many cross links that 
exist widiin the framework which are not illustrated for the sake of clarity. The organisational structure of die 
subject is shown in Figure 2.1.
The bioelectric activity which is associated with the skin and underlying soft tissues is of most direct relevance 
to the current work, and the literature reviewed concentrates on these areas, together with die effect of injury, 
trauma and disease on tiiis activity. The influence of endogenous signals on morphogenesis, nerve repair and 
limb regeneration are examples of elements are beyond the scope of the current review.
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Endogenous Bioelectric Activity
ja r a s & J i s s u s
Phenomena
ECG
EMG
EEG
Action potentials in 
muscle and nerve
Bsy.chQloaical & 
emotional correlates of 
bioelectric activity
Electrodermal activity, changes 
in hypnosis and sleep, 
electroanalgesia, 
biofeedback, stress, 
anxiety and other responses
Responses of cells & 
tissues to applied 
current?
Fibroblasts, macrophages, 
epidermal cells, neutrophils, 
bone, cartilage, tendon, 
ligament, nerve, muscle
Tissue Batteries
BONE
SKIN
MUSCLE
Piezoelectric potentials, 
streaming potentials 
and steady potentials
Skin potential level and 
response, basal skin 
potential level, responses to 
psychological, 
physiological and 
pathological influences
Endogenous steady 
currents
Lccal.iQnic-c.urien.ts 
(cellular level)
Cellular and sub cellular ionic 
current flow. Influence on 
normal physiology, control 
and development
DC Control Theory
Whole body pattern of 
electrical potentials with 
spatial organisation
Growing & Developing 
Tissues
Bioelectric activity of injured tissues and cells
injury current theory, tissues shown to generate 
altered potentials on injury including skin, bone, 
muscle, nerve, blood vessels, ligaments and 
tendons
Amphibian limb regeneration 
Partial limb regen. in rats 
Rabbit ear regeneration 
Embryonic development 
control & morphogenesis
Figure 2.1 : Core elements of the bioelectric research field
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2.1 Skin Potentials
Measurement of electrical potentials that are apparently derived from the skin dates back to at least the 19th 
century, though the level of research activity seems to pass through various phases with the evolution of new 
measuring equipment and developing physiological science. The main problem encountered in reviewing this 
work, is that the electrical potential measured from the skin surface is interpreted differently by various groups. 
The professional disciplines that have primarily concerned themselves with the work include:
a) Psychophysiologists, psychologists and psychiatrists (grouped here as the Behavioural sciences)
b) Physiologists
c) Applied Physiologists and Clinicians
There is a lack of agreement regarding the sources, generation mechanisms and control of endogenous 
bioelectric phenomena. Some elements are well documented and have been critically reviewed, though they 
tend to be in the areas most distantly related to the current work (e.g. ECG, EMG, EEG, morphogenesis, 
amphibian limb regeneration). The more recent upsurge in interest in bioelectric activity has led to a wide 
research base, but with little depth of cover in many areas. Frequently, workers investigate a particular aspect of 
bioelectric activity, identify apparent patterns of behaviour and generate hypotheses to explain the mechanisms 
which may be responsible for the generation and control of the observed phenomena. Although this is not a 
universal approach, it was commonly encountered in the literature, possibly attributable to the ‘youth’ of this 
branch of science. Examples of published replication of experimental work have been few, and are noted where 
appropriate*
Comparison between professional groups has rarely been attempted in the literature consulted, though no 
groups have claimed mutual exclusivity. The division of bioelectric research into groups is somewhat arbitrary 
in that there is almost certainly considerable overlap between them. Similar recording methods are used in 
many cases, and the main difference lies in the interpretation of the data. This is most strongly influenced by 
the background of the research group (e.g. psychology, physiology, alternative or conventional medicine). It 
remains possible that the bioelectric activity, and more specifically, bioelectric potentials which arise from 
within the body have a limited number of physiological sources but are influenced by a wide range of factors 
(e.g. environmental, psychological, physiological and pathological). This may explain how groups can measure 
the phenomena by using similar methods yet offer different explanations for the control mechanisms by 
considering a limited range of influential factors, being those which are most closely allied to their own 
background or professional training.
The principle work from each group whose work is most directly relevant to the current study is reviewed. The 
suggested modes of generation are outlined and where possible, the control mechanisms and identified 
characteristics of tire bioelectric potential behaviour. The similarities are highlighted as are the obvious
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differences between the groups whether of methodology or interpretation. It would be inappropriate to suggest 
that a novel theme has been identified which nms through all the published work, but the common ground 
appears to be extensive and the differences not as great as appears at first.
The Behavioural Scientists (both research and clinical) utilise skin potentials for both monitoring and 
assessment and base their interpretation of the results on various hypotheses centred around higher centre 
activity, sweat gland activity, arousal and emotional states (Sections 2 .1.1 to 2.1.5).
Skin potential activity has been investigated by several groups of physiologists. This has led to theories 
concerning the generation and control mechanisms of the skin potential that have some essential concepts in 
common with the Behavioural Scientists (e.g. ionic concentration gradients across membranes), but vary in 
their interpretation of experimental data. This research has closer links with various aspects of the current work 
though it is difficult to isolate any one view as being exclusively applicable. A reasonably extensive body of 
research concerns the behaviour of the skin as a battery, resulting in a measurable skin potential that is allied to 
the skin potential work of the Behavioural scientists (Section 2.1.6).
Several research groups amongst the physiologists have investigated tissue potentials as a very localised 
phenomenon concerned with the microscopic changes in cell membranes and small scale ionic flux variations. 
These small scale changes are thought to be responsible for changes in gross tissue behaviour. Much of this 
work stems from developmental physiology and morphogenetic studies by Jaffe, Nuccitelli and Robinson and is 
not directly applicable to the current work which concerns mature tissue responses.
A further group has considered the skin potential to be a measur able phenomenon of a more global, neural 
based system, thought to monitor and control many body systems, particularly related to post embryonic 
growth, the response to injury and repair of tissue damage. This work, centred around Beckers' research, takes 
the emphasis away from local physiological control and concentrates on the role of the central nervous system 
and D C potentials associated with peripheral nerve pathways. One of the difficulties with tills research is that 
there has been limited reporting of the experimental method and detailed results to support the hypotheses 
(Section 2.1.7).
A  variety of clinical research groups have conducted basic and applied skin potential research with an emphasis 
on application to clinical problems, primarily, the control of healing and repair in chronic and surgical skin 
lesions. Their work is of interest as it appears to establish formative links between endogenous bioelectric 
potentials and the healing processes in musculoskeletal tissues (Section 2.2).
The Behavioural Scientists, concerned with the links between skin potential, anxiety levels and stress have used 
the potential as a method of dynamically monitoring emotional state and psychological responses. The 
physiologists have recorded the skin potential in almost an identical way, but have explained the recorded
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potential in terms of skin battery activity and local ionic exchange. The DC control theory has been derived 
from physiological experiments with a different emphasis resulting in an alternative explanation for the 
generation and control of the potential based on CNS activity and system control tlieoiy. Each of these 
approaches is considered in isolation, in the context of the original research. Links between the approaches are 
considered in Section 2.1.8.
i
2.1.1 Behavioural Scientists and Clinical Psychologists
1
Skin potentials, commonly recorded by researchers and clinicians in psychology and psychiatry generally refer, 
to a potential difference between the external surface of the skin and the internal environment of the body (the 
transcutaneous potential). In line with current terminology, this potential difference can be considered in two 
forms -  a phasic response to some form of stimulation (Skin Potential Response - SPR) or as a tonic 
(background) level - the Skin Potential Level - SPL. The SPR can be monophasic, biphasic or occasionally 
triphasic, and is essentially attributed to the relative activity of the sweat glands the activity of which is blocked 
by the local introduction of atropine and following sympathectomy (Fowles 1974).
The SPL is most commonly externally negative (Christie 1981, Fowles et al 1974) and although primarily 
related to sweat gland activity, involves epidermal mechanisms to a greater extent than the SPR’s. The SPL is 
of more direct interest in the current work as it is concerned with a tonic (or backgr ound) phenomenon rather 
than a response to a specific stimulus.
The SPL falls into a wider group of phenomena, collectively known as Electrodermal Activity which is a 
general term for the electrical activity originating from the eccrine sweat glands (sudorific) and their associated 
dermal and epidermal tissues (non-sudorific) (Christie 1981). Edelberg (1971) suggests that electrical measures 
taken from the skin may reflect the level of sweat gland activity, the state of the local blood vessels, and the 
state of one or more living cell layers.
Two manifestations of the skin potential level (SPL) have been identified. The first is the SPL associated with 
sweat gland activity and concomitant hydration of the epidermal layers. Edelberg (1968) proposed a skin 
hydration model to explain the generation of the skin potential based on the relative activities of the sweat 
gland and epidermal membrane generators. The basic tenets of the model are widely accepted in psychology 
and psychophysiology, though some of the details of the model remains controversial. A second form of SPL 
has been investigated by Christie and Venables (1971a,b,c,d) and is concerned with the skin potential recorded 
in the resting state and which appears to be primarily related to the potassium ion environment of the body 
fluids. Both SPL types are considered in more detail in subsequent sections.
Both the SPL and BSPL are measured with paired electrodes, one placed on the skin surface (most commonly 
on the palmar surface of the hand or fingers) with a second (‘reference’) electrode at a drilled or abraded site
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which provides contact with the internal environment of the body. This reference electrode is most commonly 
placed on the volar aspect of the forearm.
2.1.2 Skin Hydration Model after Edelberg (1968)
Edelbergs model sets out to explain the relative contributions made by two different generators to a single 
electrical phenomenon in the skin. The reason for seeking an explanation appears to be as a model to describe 
the Skin Potential Response (SPR) (changes in the skin potential that can be recorded from the skin in response 
to cognitive or other psychological arousal). It is a model therefore which attempts to describe the phasic 
changes observed with skin potential behaviour rather than the tonic potentials that are of concern in the 
current work. It remains relevant however in that it attempts to formalise a relationship that will still exist even 
under baseline conditions. Martin and Venables (1966) note that the congenital absence of sweat glands results 
in a total absence of Skin Resistance Responses (SRR's) and this adds strength to the relationship demonstrated 
between SRR's and non-thermoregulatory sweat gland activity (Wilcott 1967). That there is a relationship 
between skin resistance and potential measures, and that there is an established relationship between resistance 
responses and sweat gland activity does not automatically confirm the relationship between skin potential 
activity and sweat gland activation (Martin and Venables 1966).
Skin potentials recorded by the transcutaneous method are in the mV range, with the palmar skin typically at 0 
to -60mV relative to the internal environment of the body, though occasionally may be up to +10m V (Hassett 
1978, Edelberg 1972, Brown 1967).
Edelberg hypothesised that there are two dissimilar sources of potential in the skin, a sweat gland generator and 
an epidermal membrane generator (a concept supported by Fowles 1974). They are arranged in parallel and the 
electrolyte of the measuring electrode is separated from the generator by a narrow column of saline (i.e. the 
contents of the sweat gland) or by a layer of comeum (the outermost layer of the epidermis). The resistances, in 
series with the generators do not act in a simple fashion and variations in these resistances may have a striking 
effect on the measured potential (Edelberg 1968,1971).
The epidermis is usually divided into several layers (or strata). Most superficial is the stratum comeum, a layer of cell 
carcasses. The deeper layers include tire strata granulosum and genninativum. The dermis is a vascular layer of irregular 
connective tissue. The hair follicles and sweat glands originate in the dermis and perforate the epidermis to reach the 
surface. Edelberg uses the term ‘corioiT when referring to the dermis and sub dermal tissues (the hypodermis) (Passmore 
and Robson 1976).
Electrical potentials originate in biological systems as a result of concentration gradients of ions across the 
membranes that surround the cells that form the organism. In general such membranes tend to let some species 
of ions pass readily, but offer much more resistance to other species. This creates a difference in concentration 
of various ions on either side of the membrane, and a potential difference will develop, the magnitude of which 
will relate to the concentration difference across the membrane. Eventually, a point of equilibrium will be
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reached as the potential itself will prevent further movement of ions across the membrane - this being 
determined mathematically using the Nemst formula (Offner 1984, Guyton 1986).
The corneum is considered to be easily permeated by electrolytes and even by molecules of considerable size. 
Edelberg suggests that the sweat gland makes a greater contribution to the potential than the epidermal layer 
(Edelberg 1968). Burbank and Webster (1978) have confirmed the existence of an epidermal generator which is 
separate from the sweat gland generator.
The electrical equivalent circuit developed by Edelberg is shown in Figure 2.2 below. S represents the sweat 
gland battery, E the epidermal membrane battery (the two generators), Rs and Re are the combined internal and 
series resistances of these two batteries respectively. The two sources of potential are arranged in parallel, 
connected together on the tissue side by the highly conductive dermis and on the skin surface by the electrode 
medium, P represents the transcutaneous potential, monitored by a meter with impedance Rv. As the two 
generators develop different potentials, and if the sweat gland potential is the more negative (as suggested by 
Edelberg), a circuit current (i) will flow.
A
The skin potential (P) can alter as a result of changes in generator potential as well as due to changes in the 
relative resistances of the sweat ducts and the epidermal membrane.
Rs is determined by the permeability of the sweat gland membrane and upon the height of the column of saline 
in the duct. Re is determined by tire permeability of the layer of cells in the epidermis and the resistance of the
Skin
Surface
Figure 2.2: Equivalent circuit of Edelbergs Skin Hydration Model
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comewn between the barrier layer and tire surface. Edelberg (1968) suggests that tire corneal resistance is tire 
more important of these two factors.
The dynamic behaviour of tire generators and their interaction are discussed by Edelberg at some length 
(Edelberg 1968, 1971). Sweat rising in tire duct will reduce Rs causing a negative shift in the potential. If the 
sweat overflows, it starts to hydrate the adjacent corneum and this causes Re to fall and so causes tire potential 
to fall below the resting level (assuming a sufficiently large fall in Re), i.e. there is an inverse relationship 
between P and Re. If tire corneunr dries out, Re rises and the skin potential becomes more negative. If only the 
hydration of tire corneum occurs, Re will fall and tire surface potential will become more positive. Despite the 
emphasis placed on tire degree of hydration of tire skin in tire model, diffusion potentials are also considered to 
be of importance. The hydration effects in tire epidermis were confirmed by Garwood et al (1981) in a complex 
study of epidermal hydration and skin potential.
A  selectively permeable barrier layer such as that needed for such a process is most likely a combination of a 
number of relatively impermeable layers acting in series and thus constituting an effective barrier. Edelberg 
(1971,1977) proposes that the germinative and granular layers of the epidermis are the prime candidates for 
this layer. Both Edelberg (1971,1977) and Millington and Wilkinson (1983) consider steric hindrance 
(limitation of ionic movement due to the relative size of the ion to the available channel) to be an unlikely 
mechanism for selective permeability in the corneum. This is due to the relative width of the channels 
compared with the sizes of the principal ions involved. Electrostatic selectivity (limitation to ion movement due 
to fixed membrane charges) remains a possible mechanism, but there does not seem to be any conclusive 
evidence to support this process as an explanation for the development of diffusion potentials.
The vascular plexus of the may also contribute to the electrical properties of the skin, however the 
maximum vascular contribution is probably low when compared to the epidermal contribution (Edelberg et al 
1960). In addition, when smooth muscles of blood vessels, myoepithelial cells and the piloerectile cells 
contract, they may set up dipoles, which may in turn make a contribution to the surface potential, but this 
contribution is also expected to be low (Edelberg 1971,1977).
Edelberg (1968) presents experimental evidence which, it is suggested, validates that hydration model. Both 
electrical and electro-hydraulic models were utilised. Measurements were also made with microelectrodes at 
both sweat gland duct and non ductal epidermis. The differences in the recorded potential appeared to confirm 
the predicted values from the hydration model. Further supportive evidence for the contribution made by the 
epidermal generator was presented following extensive research into skin deformation potentials (Edelberg 
1977) which were derived from the nail bed which has no sweat glands
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In his summary of electrodermal activity (Edelberg 1977), it is suggested that in the absence of sweating, 
surface potential in a wet preparation essentially reflects the diffusion potential across tire epidermis which is 
very similar to the explanations proposed by Christie et al in relation to BSPL (Section 2.1.3).
Edelberg's model is based on the following equation (Edelberg 1968):
P = E  + Re( SRv- E R v- BR* )
RsRv + Re Rv + Re Rs
(using the same notation as in Figure 2.2)
From this basic equation, Edelberg has derived two further equations based on the assumption that the 
impedance of the meter is both constant and can be considered to be infinite. These equations can be used to 
theoretically predict the magnitude and the polarity of the transcutaneous skin potential under various 
circumstances.
S -E
P = E  + R e ------------- Equation A
R s+Re
S -  EP = S - R s ------------- Equation B
Rs+Re
Where P = transcutaneous potential measured at meter V.
Derivation of the Equations
If Edelber^s circuit is considered as in Figure 2.3 below, and Rv is considered to be both constant and 
effectively infinite, it can be omitted from the calculations.
Figure 2.3: Modified Edelberg Skin Hydration Model Circuit
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It is assumed that the current direction is as indicated and that the deeper tissues (towards the lower rail) are 
the most positive point of the circuit, then the voltage drop across Re and Rs will oppose the current i as shown 
in Figure 2.4. A positive value for P refers to the bottom rail being the more positive point compared with 
another point.
Figure 2.4: Edelberg Model Circuit indicating the direction of the voltage drops 
Using Kirchoff analysis, starting at source S:
S -  E  -  (Rei) -  (Rsi) = 0 
From loop 1 (left side of circuit)
S = E  + Rei + Rsi (1)
Rearrange (1)
S - El  -----------  (2)
(Re+Rs) v 3
From loop 2 (right side of circuit)
P -  E -  Rei = 0 (3)
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Rearrange (3)
P = E + Rei (4)
Substitute (2) into (4)
P = e  + R e --  ~ E) (Edelberg Equation A)
(Re+ Rs)
Now use loop 3 (combined loop 1 and 2)
S -  P -  Rsi = 0 (5)
Rearrange (5)
S -  Rsi = P (6)
Substitute (2) into (6)
P = S -  Rs— — (Edelberg Equation B)
(Re+Rs) H
Edelberg assumes that of the 2 generators, S (the sweat gland) is the more powerful when the sweat glands are 
active. The generators S and E are attributed the polarity of their surface directed side. Edelberg considers 
changes of P as a result of variation of Re and Rs alone - i.e. he considers that the generator function remains 
unchanged.
The Skin Hydration Model provides a useful, if incomplete analysis of the relationship between the generators 
and modulators (resistances) of the skin potential. It is acknowledged that the model was developed to explain 
the events associated with the skin potential response (SPR) and as such does not aim to explain changes in 
baseline potential. Even so, the discussion of the hydration model does not consider the relationship between 
the two generators and their resistance in any detail which seems to be a somewhat narrow approach. Even as a 
relatively simple model, Edelbergs’ examples concerning changes in Re and Rs alone are not realistic as 
changes in generator function would seem to be as likely as changes in their resistances. A more detailed 
consideration of the model is presented in Section 3.6 along with possible changes associated with injury and 
repair.
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2.1.3 Basal Skin Potential Model (BSPL) (after Christie and Venables 1971)
In 1971, Christie and Venables, published a series of papers concerning the Basal Skin Potential Level (BSPL) 
which they suggested was fundamentally different from the Skin Potential Level (SPL) reported by E+elberg. 
Both could be recorded in essentially the same way (i.e. using a transcutaneous method), but the BSPL 
related to a non-sudorific skin potential as opposed to the 'normal' SPL to which a significant contribution is 
made by sudorific activity.
The overall results of their experimentation with electrode electrolyte concentrations and measurement of the 
internal ion concentrations of the body, resulted in the generation of a hypothesis for a relationship between the 
skin potential when recorded in the basal state, and the internal potassium ion concentration of the epidermal 
and subdermal tissues. Their work is relevant to the current study in that they were directly concerned with the 
potential in the basal (non stimulated) state whereas Edelberg was primarily concerned with the SPR.
2.1.4 BSPL as a membrane phenomenon
Venables and Martin (1967) demonstrated that after blocking the action of the sweat glands with hyoscyamine, 
the SPL was reduced by only 2 5 %  of its pre-treatment value, leaving a significant part of the potential to be 
accounted for in terms of non sudorific generation. Several reports in the literature had identified that the 
magnitude of the SPL varied with electrode electrolyte concentration and also that there were individual 
differences that could not be explained by the existing theory. The epidermal membrane had been implicated as 
a contributor to the generation of the SPL in previous research (Venables and Sayer 1963, Edelberg 1968) and 
it was this membrane function of the epidermis which Christie and Venables investigated.
Christie and Venables (1971c) suggested that if the absence of sudorific activity (as in the Martin and Venables 
1967 research) resulted in a membrane oriented skin potential mechanism, then instead of using a drug based 
block of the glands, the use of habituated subjects could provide similar data as their arousal levels would not 
be overtly increased by the circumstances of the testing procedures. Habituated subjects were therefore tested 
under resting conditions to achieve a similar absence of sudorific activity. The absence of phasic electrodermal
In summary, the results of the experiments with habituated subjects (N=20 males between 21 and 45 years) 
demonstrated that in the absence of electrodermal responses (phasic activity) the SPL recorded with Ag/AgCl 
electrodes and 0 .5%  KC1 electrode electrolyte had specific characteristics that distinguished them from the 
'normal' SPL recorded in a non basal state. The skin potential was recorded using a standard transcutaneous 
method with an active electrode(s) on the palmar surface of the finger(s) and a punctured forearm reference 
electrode site (after Venables and Sayer 1963, Venables and Martin 1967). A divergence was demonstrated 
between the SPL and SCL on prolonged recording. Under normal recording the SPL and SCR are expected to
activity (i.e. SCR's and SPR's) was taken a of the absence of sweat gland activity.
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change in parallel with each other. This divergence was taken to represent the cessation of the sudorific 
contribution to the skin potential. The mean SPL recorded under these basal conditions was -18m V (skin 
surface electronegative in relation to the internal environment of the body) and the mean time taken to achieve 
this basal state was 12 minutes (73% of subjects achieved the basal state in less than 12 minutes). The lower, 
resting skin potential level was referred to as tire Basal Skin Potential Level (BSPL).
The experiments were repeated with a group of non habituated subjects (N=20 males matched as closely as 
possible with members of first group). This second group also achieved the basal skin potential condition 
though it took longer on average to achieve (only 2 7 %  of the group achieved BSPL in less than 12 minutes). 
There was no statistically significant difference in the magnitude of the mean BSPL potential achieved in either 
group once the baseline had been achieved (Christie and Venables 1971c).
Further experimental work involved measurement of the BSPL under less ideal conditions. The BSPL was 
recorded under restful conditions, but allowing the subject to read non arousing material. This was immediately 
followed by a repeat of the standard (bed rest) BSPL recording protocol. No significant difference was noted 
between the reading BSPL and bed rest BSPL. It appears therefore that this BSPL state can be achieved in less 
than optimal conditions and with non habituated subjects.
In the discussion to their initial paper, Christie and Venables (1971c) suggest that BSPL could be dependent on 
the K + gradient between the electrolyte (0.5% KC1) and a source of K + in the tissue fluids. From existing 
physiological data, the K + concentration (convention is to use the abbreviation [K+] to represent the 
concentration of a particular ion - in this case potassium) in the tissue fluids would be expected to fall in the 
range of 4 - 140 mEq/1 (being the values for the extracellular fluid (ECF) and muscle tissue fluid (Woodbury 
1966). The Nernst equation can be used to predict the EMF generated across a biological membrane separating 
solutions with differing concentrations of a single ion. The Nernst equation for the epidermal membrane 
potential (BSPL) can be described with the following equation :
DCr.T . . , [K+ ] electrode electrolyte
BSPL = constant x logio1—  -----------------------------—
[K+ ] tissue source
where: constant = 61 at 37 C and [K+ ] is the potassium ion concentration
Christie and Venables acknowledge that the consideration of a single ion is a probable oversimplification, but if 
the hypothesis is in any way tenable, on substitution of the BSPL values obtained experimentally, the 
calculation should give tissue [K+J values which are within the physiological range. Working on this principle, 
the BSPL ranges obtained from the experiments give a predicted tissue fluid [K+] of between 21 and 47.6 
mEq/1 when 0.5% KC1 is used as the electrolyte, which falls in the expected range. Individual differences in
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potassium ion concentrations may be partly responsible for the differences in recorded BSPL when an electrode 
electrolyte of constant concentration is used.
Two further experimental avenues were considered following this initial work. Firstly, plasma potassium levels 
had been previously correlated with ECG T  wave magnitude (Turner 1967, Laks and Elek 1967). If the BSPL 
magnitude was related to potassium ion concentration in the plasma, and if the suggested relationship between 
BSPL and body [K+] was reasonable, there should also be a correlation between BSPL and ECG  T  wave 
magnitude. Secondly, the effect of varying the electrode electrolyte concentrations was studied as the model 
predicts that this should result in an alteration in the BSPL value recorded, and was a phenomenon that had 
been reported previously by Edelberg 19 71, Venables and Sayer 1963 although these previous workers had not 
fully explained the relationship.
Christie and Venables (197 Id) review the correlations between ECG  T  wave magnitude and the plasma 
potassium ion concentration. The ECG  T wave amplitude has been shown to increase as the plasma potassium 
ion concentration increases This relationship is reported as fulfilling the equation (after Papadimitriou et al 
1970):
K  = 3t / 2
where: K  -  the plasma [K+]
t =  the T  wave amplitude
Working from the Nemst equation with potassium as the sole ion of concern, it is predicted that a high (more 
negative) BSPL would be expected to occur with a low plasma (and therefore ECF) [Kfe. The expected 
relationship would be a negative correlation with BSPL oc 1/ECG  T  Wave amplitude.
The experimental work reported in (Christie and Venables 1971d) tested the relationship between BSPL and 
ECG  T  wave amplitude in 21 male habituated subjects aged 21-45 years. The electrodes (Ag/AgCl) and 
electrolyte (0.5% KC1) were as used previously. Subjects were tested in sitting and in supine lying, and both 
results produced a significant negative correlation between the variables (r=-0.70, p<0.001 in lying and r=- 
0.61, p<0.01 in sitting). No significant relationship was demonstrable between the EC G  T  wave amplitude and 
SPL before BSPL had been achieved.
If the ion concentration of the external electrolyte was related to the magnitude of the BSPL as predicted by the 
Nernst relationship, then an increased ion concentration in the electrolyte would result in an increased BSPL 
(more negative) a finding which had been reported previously by Venables and Sayer (1963). The experimental 
work involved varying the electrolyte ion concentration within physiological limits to establish the strength of 
the relationship (Christie and Venables 1971b). The skin [K+] could not be identified from the literature, but 
had been established by Christie (PhD Thesis, University of London 1970)
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Three sets of results were collected from the palmar surface fluid:
1) 14 subjects during the summer months, tested around midday
4.7 - 28.2 mEq/1 Mean 16.2 niEq/1
2) Same 14 subjects tested at 6pm of the same day
3.6 - 27.2 mEq/1 Mean 16.7 mEq/1
3) 20 subjects at midday during the winter months
7.8 -  33.3 mEq/1 Mean 20.8 mEq/1
The palmar surface fluid that was used for the testing arose from a variety of sources including sweat (even 
though the subjects were not in a state of arousal), transepidermal fluid and keratinisation products (Christie 
1970). Instead of using these values directly, Christie and Venables (197 lb) combined the sample data with the 
results of calculations based on the Nernst equation (the [K+] of the extracellular fluid was expected to be in the 
range of 21 to 67mEq/l based on the typical BSPL range of 0 to -30niV) and subsequently tested electrolyte 
concentrations of 67 mEq/1 that had been used in tire previous work, a similar but slightly different value of 60 
mEq/1 to see what effect small changes in electrolyte concentration had on tire BSPL and two further 
concentrations of 40 mEq/1 and 2 mEq/1.
The electrolytes were tested on a group of 16 male habituated subjects aged 20 -  45 years using the methods 
previously described by the author, with the exception that the external electrolyte concentration was varied. 
Ag/AgCl electrodes were placed on the palmar surface of 4 fingers of one hand. The varying electrolyte 
concentrations were randomly allocated to different fingers and data recorded simultaneously from electrodes 
paired with 4 reference electrodes (using a matched electrolyte) at a punctured site on the ipsilateral forearm.
The mean experimental potentials together with the predicted values from the Nernst equation were plotted for 
the subjects and it was shown that a change in BSPL was obtained by varying the electrolyte concentration of 
potassium ions. The direction and magnitude of the change agreed favourably with the potentials predicted by 
the Nernst equation (Christie and Venables 1971b).
The results obtained by Christie and Venables appear to establish the relationship between the electrolyte ion 
concentration and tire ECF ion concentration by means of the BSPL. The relationship appears to fit a 
theoretical model based on the Nernst equation for single ion concentration gradients across a biological 
membrane. The results and predictions suggest that with a constant INTERNAL [K+], reduction of the 
electrolyte [K+] will result in a smaller BSPL (less negative) which may in fact become positive. These findings 
,are in keeping with Edelberg^ observation that two surface electrodes with different concentrations of KC1 as 
the electrolyte will produce a surface skin potential, which will be more negative at the site with higher
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electrolyte concentration (Edelberg 1971). This relationship is represented graphically in Figure 2.5. The two 
graphs are symbolic in that they represent the direction of the relationship rather than a real linear regression 
line. The left graph shows the effect of vaiying the ion concentration in the electrode electrolyte and the right 
graph, the effect of variation in the ECF potassium ion concentration.
Figure 2.5: Representation of the relationships between electrolyte ion concentration and BSPL magnitude 
based on the experimental results of Christie and Venables 1971b
With a constant [K+] in the electrolyte, variation of the internal ECF [K+] will also change the magnitude of 
the recorded potential, with lower ECF concentrations being associated with a larger (more negative) BSPL.
2.1.5 BSPL calculations in relation to the Nernst equation.
The essential factor that determines the theoretical value of the BSPL when using the Nernst equation is the 
ratio of the external and internal ion concentrations. If the ratio produces a low value (i.e. the INTERNAL 
(ECF) CONCENTRATION »  EXTERNAL (ELECTROLYTE) CONCENTRATION) then the BSPL that 
results will be more positive. If the external ion concentration was maintained at a constant level, and a series 
of BSPL readings were taken when the internal (ECF) ion concentration varied (but other factors remain 
constant), then the measured BSPL would vary inversely with the ECF ion concentration.
The typical [K+] of the ECF based on a mean BSPL of 19.9mV (Christie and Venables 1971b) and an external 
electrolyte concentration of 67mEq/l (0.5% KC1) can be derived from the Nernst equation by substitution thus:
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BSPL = constant x loglo iK+leleclrodeetarolyle
[K+ ] tissue source
where: constant = 61 at 37 C and [K+ ] is the potassium ion concentration 
thus:
19.9 = 61 lo g io ~  
x
where x represents the ECF K  concentration 
This gives a typical [K+ ] in the ECF of 31.6 mEq /1
From Christie and Venables (1971), the ‘normal’ ion concentration ratio can be approximated at 2:1 when the 
standard 0 .5%  KC1 is used as an electrolyte. In these circumstances, and by substitution into the formula, a 
BSPL value of 18.3mV would be produced. The Nernst equation gives the magnitude of the membrane 
potential, and the polarity is that taken by the internal membrane potential in relation to the external. In the 
case of the epidermal membrane and BSPL calculations therefore, this potential of 18,3mV is the potential of 
the internal tissues compared with the external surface of the skin. In the convention used for BSPL and similar 
measurements, the potential is given the polarity of the external surface in relation to the internal environment 
of the body, thus this calculated value would be equated to a transcutaneous BSPL of -18.3mV. A simple 
manipulation of this ratio offers a theoretical model for altered ratios between the internal and external ion 
concentrations. By altering the ratio from 2:1 to 2:1.5 (as would occur with the same electrolyte being used to 
record the potential from tissue with an elevated potassium ion concentration), the BSPL calculated value 
would be 7.62mV, externally negative. An increase in ECF [K+] would therefore reduce the BSPL - i.e. to 
induce a positive shift. If the ECF ion concentration was increased sufficiently to become greater than the 
electrolyte concentration, the calculated BSPL achieves a positive value for the external surface. For example, 
using a ratio of 2:3 (external:internal), the calculated BSPL value would be -10.7 (for the internal membrane 
potential, giving a SPL of+10,7mV when using tire conventional terminology. The essential relationship 
therefore, when considering a single ion type (potassium), based on the Nernst equation and using an external 
electrolyte of 67mEq/l for potassium is that the larger the ratio of external:internal ion concentration, the more 
negative tire BSPL.
An informative secondary analysis of the ion concentration of the external electrolyte was conducted by Christie 
and Venables (1971a) in which tire applicability of the Nernst model was considered by the use of a different 
electrolyte salt. The study used physiologically equivalent concentrations of KC1 and NaCl as tire electrolyte 
based on the data obtained during palmar surface fluid analysis (Christie 1970). In the non aroused state (and 
depending on the time of day and the time of year), tire ratio of sodium to potassium ions in the palmar fluid 
was found to be approximately 2:1. Thus, BSPL values with physiologically equivalent electrolyte 
concentrations of 40mEq/l KC1 and 80mEq/l NaCl on both male and female subjects were compared.
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The results of the experimentation (with 40 subjects) suggest that for physiologically equivalent electrolyte 
concentrations (based on palmar fluid collection values and Nernst equation calculations), NaCl has properties 
which are similar to those of KC1 when used as an external electrolyte, and therefore, the Nernst model appears 
to be as applicable to Na ions as it is for K  ions (Christie and Venables 1971a).
When measuring BSPL, it appears therefore that the particular ion used in the electrolyte is possibly less 
critical than die concentration of that ion relative to its ECF concentration. It is the ratio of die 
externakintemal concentrations which will determine the magnitude and the polarity of die BSPL.
This conclusion by Christie and Venables has been challenged by Fowles (1974) who suggests that if die 
epidermal membrane is selectively permeable to K + ions alone, die results obtained with NaCl as die electrolyte 
could be attributed to a potential produced across the sweat duct wall rather that across die epidermal 
membrane. If this were the case, tiien changes in NaCl concentration in die electrolyte would have littie or no 
effect on the potential generated across the epidermal membrane, though a change in potential may actually be 
recorded due to the altered function of die sweat gland generator function.
The Nernst equation describes an electrochemical relationship for a single ion species at different 
concentrations on either side of a biological membrane. The difference in concentration provides a diffusion 
gradient down which ions from the more concentrated solution will pass. Taking potassium ions as an example 
(with a net positive charge), the rapid initial passage of a number of +ve ions across die membrane will lead to 
a deficit of positive ions on the more concentrated side, thus creating a potential that opposes die passage of die 
ions. As the ion transfer continues, a point is reached where die concentration gradient (i.e. the drive for the 
diffusion) is matched exactly by die opposite electrical gradient that inhibits ion movement. This tiien is die 
state of equilibrium described by the Nernst equation where die passage of ions in one direction by diffusion is 
matched by die passage of ions in the opposing direction by die electrical gradient. The equation ascribes a 
magnitude for die resulting potential which in die case of the single positively charged ion, will result in a 
negative potential on die side of die membrane which initially has die greater +ve ion concentration (Fowles 
1974, Guyton 1986).
As mentioned previously, die Nernst relationship for the epidermal membrane is almost certainly an 
oversimplification of die situation as it only considers die behaviour of a single ion. A more thorough 
calculation could be achieved by using die Goldman equation for die most likely significant ions - Potassium 
(K+), Sodium (Na+) and Chloride (CT):
The term ‘biological membrane’ includes the specific plasma (or cell) membrane and the more general collection of 
related cells e.g. die epidermal membrane. The membrane potential generation mechanisms described appear to 
applicable in both circumstances.
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t + . PK+ [K+ ]0 + PNa+ [Na+ ]0 + P C l- [Cl- ]0E i -  Eo = constant logjQ   —------------- 1 L —
PK+ [K+ ]j +PNa+ [Na+ ]i + P C r [C T ]i
where P = membrane penneability coefficient for the ion and 
E i-E o  = potential inside the membrane - potential outside the membrane
The Goldman equation provides a more detailed model of the membrane behaviour as it not only takes account 
of the relative ion concentrations, but also includes membrane permeability differences between the ions that is 
necessary for a model that considers multiple ion interactions. Both Guyton (1986) and Passmore and Robson 
(1976) describe the Goldman equation in relation to the nerve and muscle membrane resting potentials. For 
these membranes, there is a concentration difference between the ions which results in a net excess of positive 
ions on the internal aspect of the membrane, though the membrane potential is described as being internally 
negative. The concentration gradient causes the outward passage of positively charged ions. In moving across 
the membrane, the ions leave a deficit of positive charge internally, effectively causing an internal 
electronegativity. The degree of importance of each of the ions in determining the membrane potential is 
proportional to the membrane permeability for that particular ion. The complex pumping actions at the nerve or 
muscle membrane mean that more than a single ion is involved. The sodium-potassium pump is primarily 
responsible for the generation of tire resting membrane potential in nerve and muscle. The Na+ ion 
concentration is greater outside the membrane whilst tire K + ion concentration is greater on the inside of the 
membrane. The sodium-potassium (Na-K) pump actively transports 3 Na+ ions from the inside to tire outside of 
the membrane whilst transporting 2 K + ions from out to inside. For each pump cycle therefore, 3 positive ions 
are expelled for every 2 allowed in, with a net transfer of positive ions to the outside of the membrane. The 
membrane is almost impermeable to chloride (Cl") ions that are held in greater concentration inside the 
membrane. Tire result of the pump action together with membrane permeability, is that there is a net internal 
negative potential that can be up to -90nrV achieved by outward diffusion of potassium, but contributions also 
being made by the slight inward diffusion of sodium, and the combined active transport of both ions by the Na- 
K  pump.
The generation of the nerve and muscle membrane potential has been extensively researched and values for the 
various ion concentrations have been established. When attempting to use the Nernst and Goldman models for 
tire epidermal membrane as a generator of tire skin potential there are several important differences. The ionic 
concentrations of the fluids involved are not nearly as clearly documented as for nerve and muscle. Secondly, 
tire permeability of tire membrane to the essential ions is not reported in the literature. Thirdly, it would seem 
unlikely that there are active transport mechanisms in operation, but although noire have been identified, they 
can not be completely eliminated. It is possible (Vanable 1989, Fowles 1974) that tire epidermal sheet of cells 
could function as a complex membrane, with tire individual cells acting in unison and under some form of
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control, such that the cell membrane pumping actions are co-ordinated to produce an effect similar to an active 
transport mechanism in a single cell.
The structural location of the epidermal membrane is not easily identified. It has been suggested by several 
authors (Edelberg 1968, 1973,1977, Venables and Sayer 1963, Millington and Wilkinson 1983) that rather 
than a single cell layer, the epidermal membrane is most likely a combination of several (2 or 3) relatively 
impermeable cell layers, which in combination act as a selectively permeable membrane. The germinative and 
granular layers of the epidermis are cited as the most likely sites for this membrane function (Edelberg 
1971,1977).
Edelberg (1977) suggests that membrane potentials arise commonly because of unequal mobilities of oppositely 
charged ions due to either steric hindrance (i.e. limited mobility due to size) or electrostatic drag imposed by 
the membrane. The ion permeable channels of the corneum are thought to be too large to exert any steric effect, 
but that the fixed charge may have an electrostatic effect. Martin and Venables (1966) outline the membrane 
function of the epidermis as a generator of the transcutaneous potential. They suggest that the potential is a 
function of the characteristics of the membrane and the internal body ion concentration in relation to the ion 
concentration in the external electrolyte. The epidermal membrane behaves as if it had a fixed negative charge. 
It is permeable to cations (+ve) which pass through it and leave an excess of anions (-ve) in the electrolyte 
external to the surface. A potential difference appears across the membrane, the outer skin surface appearing 
negative. Experimental evidence (Rein 1924 cited in Martin and Ven 1966) confirms the passage of positively 
charged ions (dyes) into the corneum whereas anionic (-ve ion) dyes do not penetrate the corneum. Edelberg et 
al (1960) demonstrated that small cations (Na+ and K +) can penetrate the corneum whilst the larger cations 
(e.g. Ca-^  and Al+++) are unable to do so. Millington and Wilkinson report that K + and Cl" ions in aqueous 
solution have a similar size, but that the K + ions will diffuse into the epidermis far more readily than will the 
Cl" ions. This evidence appears to support the electrostatic hindrance rather than steric effects at the 
membrane. Rothman (1954 cited in Martin and Venables 1966) has suggested that the effective barrier layer 
exists between the comified and non-cornified parts of the epidermis, a concept supported by Leonesio and 
Chen (1987) and which is in agreement with the germinative/granular layer barrier suggestion by Edelberg.
In the absence of overt sweat gland activity, the generation of a skin potential by some type of membrane 
function of the epidermis appears to be supported on both a theoretical and experimental basis. Modelling of 
the generation is difficult in the absence of specific data for the relative permeability of the epidermis to the 
major ions (Na+ K + Cl"), though there is some evidence that anions (-ve) are unable to penetrate the epidermal 
barrier at an equivalent rate to small cations (Edelberg 1971, Fowles 1974).
When considering a single cation, e.g. potassium, the Nernst equation can be used to predict the magnitude of 
the transcutaneous potential if the ion concentrations in the body fluids and electrode electrolyte are known, at 
least as a ratio. Modelling with more than a single ion species involves the Goldman equation which besides
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concentration ratios, requires permeability characteristics of the membrane to particular ions to be known, 
which do not appear in the literature. Christie and Venables (1971 a,b,c,d) have highlighted the correlation 
between potassium ion concentration in the electrolyte and body fluids with the basal skin potential level and 
also report the limited experimental evidence for the involvement of the other major cation (sodium). A model 
for potential changes in injured tissues based on potassium concentration gradients is presented in Section 3.5.
Despite the differences between the Skin Hydration and BSPL models of skin potential generation, there are a 
significant number of common features. Both acknowledge that the epidermal membrane plays an essential role 
in potential generation. Changing the concentration of the electrode electrolyte ion concentration is known to 
result in an alteration of the SPL. When recording SPR’s (phasic potential changes in response to stimuli), the 
sweat gland generation mechanisms appear to dominate, and this is confirmed by Edelberg's model. In 
quiescent conditions, when the sudorific activity is minimised, the membrane generator becomes dominant. In 
these circumstances, the ratio of external to internal potassium (and sodium) ion concentrations appears to be 
the most significant contributor to the potentials produced. This can be equated to a change in E in Edelberg's 
model (Section 2.1.2).
2.1.6 Skin Battery Potentials according to the Physiologists
When considering of the skin potential in situations other than those which are based on psychological or 
psychophysiological research, there remains a body of literature which has considered the normal' 
physiological or pathological correlates of skin potential measurements.
Work with amphibian limb regeneration has established that local potentials following amputation are derived 
from file skin that acted as a current generator (or battery) (Borgens 1977, 1982, Vanable 1989). In amphibian 
skin, the outer epidermal cells demonstrate a quite specific ion transport mechanism with sodium channels that 
are radically different to those in almost all other plasma membranes. These outer epidermal cells allow Na+ 
ions to diffuse from the environment into the cells. The cells maintain a very low internal Na+ ion 
concentration by the active onward transport of the Na+ ions to the subepidermal tissues by way of the adjacent 
cells of tlie epidermis (Vanable 1989). Essentially, the special channels in the outermost cells allow Na+ ions to 
enter these cells by diffusion. The continuing movement of the ions is by an active transport mechanism with 
each cell moving ions to and from the gap junctions between the cells and hence, ever deeper into the tissues. 
By continuously passing the ions deeper, the cells maintain a low internal sodium ion concentration, and 
thereby maintain the gradient. The overall result of this ion flux across a complex membrane is a net inward 
movement of positive sodium ions and therefore the generation of an electrical potential across the epidermis 
(in the region of 50mV), with the body fluids positive with respect to the outside of the skin.
Although the skin battery is best understood in amphibians, numerous research groups have more recently 
investigated other vertebrates including mammals and man. The discovery that skin injury induces a steady
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flow of current out of the wound (by DuBois Reymond in 1849) preceded the confirmation of the skin battery by 
some considerable time. Additionally, electrical (exogenous) stimulation of skin wounds has become 
established as an acceptable method of clinical management even though it is not currently possible to fully 
detail the mechanisms of the skin battery or its changes on injury. ( l/aAabte 15S9, el uOia-tsoA t ^ + j.
An important milestone in the field was the report by Barker et al (1982) who demonstrated the epidermal 
batteiy in the guinea pig. The transepidermal potential (TEP) was shown to range between 0-10mV in hairy 
skin and 30-100mV in hair and gland free skin (both externally negative). The TEP is equivalent to the 
transcutaneous SPL reported in earlier sections. The research largely concerned the effect on the potential of 
skin wounds (Section 2.2), but the clear demonstration of a resting skin potential in mammals is important. The 
location of the epidermal potential generator was determined by progressively increasing the depth of the 
'surface' electrode. The outer corneal layers appeared to make no contribution to the potential generated, though 
they did make a substantial contribution to the skin resistance. The generator appears to be located in the living 
epidermal layers immediately deep to the comeum. This finding is consistent with the work of Edelberg and 
Christie and Venables.
Barker et al (1982) demonstrated in addition, that the skin battery appears to be sodium dependent as in the 
frog and other amphibian skin. The frog skin battery can be inhibited by amiloride that blocks the Na+ ion 
channels. Similarly, in guinea pig skin, the epidermal potential was reduced by 50%  when exposed to amiloride 
supporting the contention that mammalian skin not only has a batteiy function that is similar in relative 
magnitude to the amphibian skin, but which appears to be related physiologically (Barker et al 1982, Venables 
1989). It was concluded that the hair and gland free skin of the guinea pig has a battery comparable in power 
and character to that of frogs though it is suggested that rather than a primary function concerning salt uptake 
(as in amphibians), that this mammalian battery may primarily subserve epidermal wound healing.
Whilst conducting the experimental work with guinea pigs, the authors measured the TEP from their own 
bodies. The potentials recorded were consistently externally negative (with reference to a single punctured 
forearm electrode), with hair free regions producing higher (more -ve) potentials than the hairy regions (Barker 
et al 1982). In a more detailed investigation of the human skin battery potential, Foulds and Barker (1983) 
measured the transcutaneous voltage of 17 normal volunteers. A consistent anatomical variation was observed, 
but no correlation could be established between the battery voltage, age and sex.
Potentials were recorded at 121 surface sites in each volunteer. Electrodes were of cotton wool soaked in 0.9%
saline connected via an agar-saline bridge to calomel electrodes immersed in 3M KC1. These were used with a
12high impedance voltmeter (10 ohms). A  single reference electrode, making contact with the internal 
environment of the body completed the measuring circuit. It was shown that the difference in potential between 
any two punctured sites was less than lmV, thereby justifying the use of a single reference electrode site 
(Foulds and Barker 1983).
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The average potential (for all locations, all subjects) was -23.4mV (SD 8.6mV), with the hands and feet 
demonstrating tire higher (more negative) potentials and other regions (e.g. head, upper arm) demonstrating 
much lower potentials (i.e. closer to zero). The anatomical variation of skin battery potentials appears to be a 
complex combination of several factors (including sweat gland concentration and hair density) and did not 
appear to be related to dermatome distribution.
The general thrust of this research was to consider the role of skin potentials in relation to skin lesions and 
wounds. An attempt was made to model the changes in skin potential following injury and how this was related 
to repair and regeneration. Little further work appears to have been conducted to establish the exact mechanism 
of generation in the non injured human skin. An outline of the skin wound model in included in Section 2.2.2.
This physiological demonstration of a transcutaneous human skin potential at rest, with the external surface 
being electronegative with relative to the internal environment of the body is consistent with the SPL and BSPL 
demonstrations by the behavioural scientists cited previously. The explanations offered by the physiologists 
appear to be dependent on a comparison with the amphibian skin potential generation that has been reasonably 
well researched. The reliance on a sodium diffusion and active transport mechanism for the potential 
generation leaves one essential problem that does not seem to have been investigated. For the amphibian, there 
is clearly a diffusion gradient between the fluid bathing the external surface of the skin (i.e. the pond water) 
and tire internal fluid environment of the body. The magnitude of the potential will alter with changes in this 
concentration ratio. If die mammalian, and particularly, die human epidermal generator is also sodium ion 
dependent, from where does the concentration gradient arise? Clearly, in placing an electrode on the skin 
surface with an electrolyte, there will be a difference in ion concentration between the two environments, and 
tiierefore a skin potential can be measured. If the electrode and therefore die electrolyte were not in contact with 
the skin, would the potential actually exist, or can it be considered an artefact of the measurement process 
itself?
The skin potential has been measured in subjects by using diy electrodes (i.e. with no electrolyte) in a series of 
experiments investigating die relationship between skin potential, resistance and capacitance (Grimes 1982). 
Although no electrode electrolyte was used in these tests, Grimes suggests that the skin is not actually dry, but 
has a water content in balance witii die humidity of die surrounding air plus a supply from sweat gland activity 
and insensible perspiration. Fowles (1974) highlights that the epidermis remains at least partially hydrated 
under normal physiological conditions which togetiier witii die hydrophilic nature of the corneum would help 
to maintain the fluid levels in the outer layers of the skin. With the epidermis in a constant damp if not wet 
condition, the ion diffusion and active transport mechanisms described by Vanable (1989) could be applied to 
human skin without die need for an electrolyte to be present in order to generate die potential.
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None of the experimental work by physiologists investigating the skin potential appears to have considered the 
role of ions other than sodium in the potential generation. The surface fluid in the epidermis is unlikely to 
contain only sodium ions. Sweat has an ionic composition that is similar to that of plasma without the plasma 
proteins (Guyton 1986) though Fowles (1974) suggests that the initial secretion is actually slightly hypertonic. 
The sweat secretion is modified however as it passes up the duct towards the surface depending on the sweat 
rate. The initial secretion (the precursor secretion) has a typical Na+ ion concentration of some 142mEq/l with 
104mEq/l of Cl" ions. The concentrations of other plasma constituents are much smaller though Guyton does 
not offer exact concentrations. In a situation where the sweat rate is slow, most of the Na+ and Cl" ions will be 
reabsorbed during the passage through the duct. The concentrations of both of these ions may reach as low as 
5mEq/l once the sweat has reached the skin surface. Following this reabsorption, the osmotic pressure of the 
secretion is reduced, and a considerable amount of the water is reabsorbed by the duct lining. The consequence 
of this reabsorption is to increase the concentration of the other sweat constituents such that at the skin surface, 
urea, lactic acid and potassium concentrations can be very high, though again no exact values are offered 
(Guyton 1986).
In circumstances where the sweat rate is high, there is a greater quantity of the precursor secretion and less 
time for both ionic and water reabsorption, thus the Na+ and Cl” ion concentrations are only reduced to 
approximately 60mEq/l and there is less concentration of the other constituents as less water has been 
reabsorbed. Guyton (1986) cites a typical concentration for potassium during rapid sweating of only 1.2 times 
greater than the plasma concentration.
In the resting, unstimulated conditions ascribed to basal or quiescent skin potential testing, stress is deliberately 
minimised and it is suggested therefore that sweat gland activity should be minimal. Under these conditions, 
slow sweating should predominate and therefore the potassium concentration in the surface fluid should be 
greater than that of the plasma (4mEq/l) (Guyton 1986). The skin fluid investigation by Christie (1970) 
(Section 2.1.4) gave potassium ion concentrations which were higher than those generally found in plasma, 
with a mean potassium ion concentration of 17.9 mEq/1 for all subjects.
According to the BSPL model (Section 2.1.3) in a situation where the external ion concentration was greater 
than the ECF ion concentration, tire potential developing across the biological membrane would be externally 
negative, such as that recorded from the skin even with 'dry' electrodes (Grimes 1982).
There is a consistency therefore between the physiological mechanisms associated with both the behavioural 
scientists and the physiologists explanations of the skin potential recorded under resting conditions. Both 
groups ascribe the primary generating function to a membrane based potential, with the sweat gland 
contribution becoming more dominant following stimulation. The explanations offered by the Edelberg, BSPL 
and Foulds & Barker models vary in their interpretation rather than in their fundamental elements.
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2.1.7 DC Control Theory (after Becker)
A more global consideration of the bioelectric potentials measured from the skin has been advanced by 
numerous researchers, Burr and co workers beginning in the 1930's and Becker and co workers in the 1960's. 
Both groups have developed a concept of the skin potential being a measurable phenomenon of a DC control 
system that plays an essential role in monitoring and controlling growth and healing. At the present time, no 
evidence has been identified which relutes the basic concepts, and several research groups have used them as a 
fundamental theoretical underpinning of their own work (e.g. Rowley 1974, Shibib et al 1988, Wilber 1978). 
This appears to be particularly true in the area of electrical stimulation of skin and bone to enhance healing.
The essential difference between the transcutaneous electrical potentials (see above) and the DC potentials 
recorded by Burr and Becker is that the latter attribute this potentials to a nerve related phenomenon, 
anatomically distributed and not to local epidermal membrane or psychological episodes.
Measuring the D C potentials from the same level of the epidermis (i.e. not the transcutaneous potential) Becker 
has demonstrated that both in amphibians and in man, there is a pattern of equipotential lines which follows a
i
predictable arrangement (Becker 1962a). These investigations demonstrated the presence of a complex 
electrical field with a spatial configuration that had a close relationship to the gross distribution of the central 
and peripheral nervous system. Both in the Salamander and in man, the cranial, brachial and lumbar neuraxes 
were found to be positive, with increasing negative potentials along the peripheral outflows (Becker 1962a). On
I
further investigation, it was proposed that the peripheral nerves were responsible for the distribution of this 
electric field, with DC gradients extending longitudinally throughout the neural network. The dendrites 
(sensory components) were found to be distally positive and the axons (motor components) distally negative 
resulting in an axlodendritic polarisation model for the D C control system (Becker 1962). A representation of 
Beckers polarisation concept is shown in Figures 2.6 and 2.7.
Dendrite Axon
Polarization of axio-dendritic
arrangement
Anatomical arrangement of the 
axio-dendritic polarity model
Cell body generating 
the DC potential
Peripheral tissue 
Resistance
Simple electrical equivalent 
of axi^ -dendritic model
Figure 2.6 Ax odendritic Polarisation of Nerves (after Becker)
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Figure 2.7 : Physiological and electrical model of a neurone pair forming an elementary circuit (after Becker
1962)
The role of the peripheral nerves in the transmission of these DC potentials was strengthened when it was 
observed that the potentials were reduced to zero after sectioning the nerves to the extremity (Becker et al 
1962a).
The D C potentials were shown to be independent of the action potentials. The D C potentials are related to a 
longitudinal continuous movement of charges in the nerve whilst the action potential is a travelling wave of 
membrane depolarisation -  a radial movement of ions in and out of the nerve fibre with no longitudinal 
transmission of electric charges (Becker 1962a, 1974).
Beckers experimentation suggested that the charge carriers were not ionic, but were units the size of electrons, 
implying that a phenomenon such as semiconduction was occurring in the nerve fibre (Becker et al 1962b). 
Becker (1974) cites numerous examples of semiconductor like behaviour of biological tissues including nerve 
(Becker 1961), collagen and bone (Becker and Brown 1965).
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Becker (1974a,b) concludes that two data transmission and control systems coexist in most present day animals. 
One is a sophisticated action potential, digital type system and secondly, a more basic/primitive analogue type 
system that antedated the former, thought to be solid state in nature. Becker (1974b) proposes that these 
currents are both generated and transmitted by the Schwann cells that surround the peripheral neurones and the 
glial cells in the central nervous system. This hypothesis is compatible with the demonstration (Lowestein 
1981) of cell to cell conductances and junctional communications in glial and epithelial cells. Evidence is 
presented (O'Leary and Goldring 1964, Becker et al 1962b) to support the steady state of varying PC fields 
within the central and peripheral nervous systems and that these D C potentials have a controlling function over 
the general level of the digital (action) potential -  that it acts as a bias control over the functions of the action 
potential system (Becker 1974a,b). In addition to tire modulation influence on the peripheral nervous system, 
Beckerk research group propose that the D C potentials, exert a control over growth and repair processes 
(Becker et al 1962a). The latter is considered in more detail in a subsequent section.
Beckers D C Control theory has gained popularity with those concerned with the electrical stimulation of 
damaged tissues in order to facilitate or promote repair. There remains a degree of scepticism amongst the 
purists due in part to the lack of published experimental data and also due to the absence of replicated work. 
Several significant studies have produced results that appear to support Beckers proposal (including 
Chakkalakal 1988a,b, Chang and Snellen 1982, Weiss et al 1990) and these are considered in Section 2.2 
concerning the relationship between injury and tissue potentials.
2.1.8 Links between the Skin Potential Models
From the models and experimental work outlined, the various approaches to measurement and theoretical 
generation of the resting skin potential have several features in common.
1) The skin potential is described as an electrical difference in potential between the external skin surface and 
the internal environment of the body. Under resting conditions, the external skin surface is always 
electronegative with respect to a reference electrode in contact with the internal body fluid.
2) Despite the variety of explanations offered to account for the generation of the skin potential, the epidermal
membrane, located in the living, deeper epidermal layers is implicated in both the behavioural scientists and 
physiologists theories, though not specifically with Beckers DC Control Theory.
3) The difference in ion concentration on either side of this membrane is considered the most significant factor.
Sodium and potassium ions are those most commonly identified as being the most likely contributors to the 
generation mechanism.
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4) The relationships demonstrated between external electrolyte concentration and the magnitude of the skin 
potential are consistent whether calculated using Edelbergs equations, the Nernst formula identified by 
Christie and Venables or the active ion transport mechanisms proposed by Vanable. In each case, the ratio 
of external to internal ion concentration is related to the magnitude (and therefore the polarity) of the skin 
potential. With a greater external ion concentration, the skin potential will present as externally negative, a 
situation confirmed by the experimental evidence of all groups.
5) When using a constant external electrolyte concentration, a change in the internal ion concentration will 
effect a change in the measured potential whatever the external ion concentration is in absoluteTerms.
Current hypotheses suggest that the nonsudorific skin potential might be due to different factors depending on 
how it is measured. It might be due to an ionic concentration gradient between the electrode electrolyte and the 
interstitial fluid when the electrodes are placed at different levels of the epidermis or it might be related to a DC  
current control system when the electrodes are placed at the same level of the epidermis. These mechanisms are 
not necessarily mutually exclusive (Leonesio and Chen 1987) and may complement one another.
Beckers' D C Control Theory does not model the skin potential in the same way as the other research groups 
and it is therefore difficult to incorporate his hypotheses into such models. Some experimental (particularly 
clinical) work does support the general hypotheses. For example, tire human skin battery work of Foulds and 
Barker (1983) has produced a map of human skin potentials that is grossly consistent with Beckefs increasing 
peripheral negativity predictions. The two models explain the phenomena on different grounds, Becker on the 
basis of DC neural conduction whilst Foulds and Barker are more concerned with sweat gland distribution and 
epidermal membrane phenomena. It does not appear to be possible to equate the models given the different 
approaches used and the fundamental lack of substantive data published from Beckers experiments. Some 
replication of Becker's work concerning injured tissues is considered in Section 2.2.1 below along with the 
injured tissue correlates of the other models,
2.2 Injury Potentials
The current of injury is in essence, the potential difference and subsequent current flow between wounded and 
normal tissue (Harrington and Meyer 1974). Injury currents were recorded as long ago as the 1700’s by 
Galvani, though following the demonstration of the action potential in 1849 by Du Bois Reymond, the DC  
injury potentials were no longer considered to be of any great interest. A useful historical review of injury 
current measurements appears in Borgens (1981). The early concept of this current of injury was that it was 
derived from the summation of the membrane potentials of the damaged cells. Becker (1967) suggests that this 
explanation is untenable as the current can still be measured days after the injury, long after the damaged cells 
have either died or restored their membrane function though Becker does not offer an alternative explanation.
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Thakor and Webster (1978) have proposed an injury current model based on altered membrane potentials in 
individual cells. Damage to one aspect of the cell will allow an influx of sodium ions at that point, and it is 
assumed that the sodium pump continues to function in other parts of the membrane. The sodium ion influx 
will be countered by the pumping action elsewhere in the cell, thus causing a movement of charged particles 
across the cell and return path via the extracellular fluid - the current of injury.
A  similar problem is encountered with this hypothesis in that although it offers an explanation for the 
immediate current following injury, it offers no explanation with regards the longer lasting injury currents (or 
bioelectric disturbance) noted for days/weeks after injury.
Work continues to identify possible mechanisms which can explain the presence of these long term changes. At 
the present time it would appear that the immediate changes can be explained in terms of local membrane 
potential disturbances, and that the longer term effects are most likely mediated by altered tissue batteiy 
function following the injury.
Nordenstrom (1983) has proposed a complex account of the endogenous tissue potentials and injury currents 
following a 30 year study of the subject. His concept of Biologically Closed Electric Circuits' postulates (in 
brief) that the blood within the insulated vascular system acts as a fixed reference potential and that 
extravascular tissues vary in their electropotential relative to the blood. Local metabolic differences and/or 
tissue injury will alter the magnitude of these normal potentials. Current flow as a result of these potential 
differences occurs in a multitude of local closed circuits which the author suggests play a major role in the body 
response to an injury. Despite an extensive publication, these concepts do not appear to have gained widespread 
acceptance in the biomedical science community and evaluation of the research continues. Both Taubes (1986) 
and Charman (1990c) have reviewed the work of Nordenstrom and suggest that the ideas are worthy of further 
investigation.
2.2.1 Beckers DC Control System and Injured Tissue
The greater part of Beckers DC Control theory is concerned with the response of the body to trauma and its 
ability to resolve the lesion whether by regenerative or reparative events. The comparison between the 
bioelectric events following trauma in regenerative and non<regenerative species provided the starting point for 
Becker. The current of injury (e.g. after limb amputation) in a non-regenerative species (frog) is seen to be 
strongly positive at the time of injury, and to gradually return to non-injured levels over a 2-3 week period. 
Regenerative species (Salamander) however show a different response after the initial strongly positive phase. 
Within the first few days, the strongly positive current undergoes a polarity reversal and becomes strongly 
negative before returning to the pre injured level (Becker 1967, 1974b). The peak negative polarity was 
measured preceding the maximum cellular proliferation. A representation of the two injury current patterns is 
shown in Figure 2.8.
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Regenerating species 
Non regenerating species
Figure 2.8 : Difference between injury currents from regenerating and non regenerating species (after Becker
1974 b)
Chang and Snellen (1982) demonstrated a similar potential profile in a series of experiments with regenerating 
tissue in mammalian tissue (rabbit ear). The initial positive potential changed to a strong negative potential 
which reduced over the regenerative period. In ear s where regeneration was inhibited the negative potential was 
considerably smaller.
Becker further suggests that the D C control system plays an essential role in the reparative process in that it is 
responsible for injury detection and control of the repair process - thus providing a bioelectric monitoring and 
control system. The process has been developed as a system control theory and is shown in Figure 2.9.
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Figure 2.9 : Theoretical D C control system with the response to injury (after Becker 1967)
Becker suggests that the current of injuiy produces a disturbance in the DC field on both an electronic basis and 
also by producing an input signal directly to the brain (though the specific mechanism through which this 
operated is not detailed). Whether the system model is a realistic representation of the physiological mechanism 
associated with repair or should be interpreted more figuratively is an issue which has yet to be resolved. Many 
research groups have used this basic concept as the initiator for their work, and in particular, those concerned 
with the facilitation of wound and tissue healing by means of electrical stimulation. Becker discusses the D C  
control system at length with examples from clinical medicine, especially bone repair after fracture. The 
proposed control system has not received universal acceptance and many are sceptical, partly based on a lack of 
direct supportive evidence and partly due to its challenge of the established chemical control theoiy of wound 
healing. This is a complex issue, and one which can not be resolved with the current evidence. If Beckei's 
model is in any way realistic, the measurement of skin surface potentials in the current project should 
demonstrate changes following injury which are progressive with time. This project was proposed and the basic 
ideas formulated before the D C Control theory had been investigated. The research is not designed to 
specifically challenge or provide support for the control theoiy, though the results of the injured subject trials 
may make a contribution to the debate.
In support of Beckers DC Control theory, two published pieces of research deserve consideration. Borgens 
(1984) suggests (without making specific reference to Beckers work), that surface detected injury potentials 
may help to control the response to damage and that these are not restricted to bone. Acknowledging that this 
has been a fertile area of research since the mid 19th centuiy, he observes that with the recent development of 
techniques to measure currents and potentials at the cellular level, surface detection has largely been rendered 
obsolete. He further suggests that with the renewed interest in the idea that electrical phenomena may help to 
control tissue response to injury, this measurement modality is undergoing a renaissance.
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Shibib et al (1988a) in a complex series of experiments with regenerating nerves, considered Beckefs DC  
control as a possible model for the results obtained. By virtue of the experimental protocol it would not be 
possible for action potentials to be carried by the nerves involved, leaving the DC potentials and their 
associated biomagnetic counterparts as the primary bioelectric source. The authors hypothesise with regards 
possible mechanisms by which either (or both) of these might exert an effect on a severed nerve. They were 
unable to offer conclusive proof to support either theory, yet considered this to be an area worthy of further 
investigation. In a follow up paper later the same year, (Shibib et al 1988b), they considered the only electrical 
factor possibly involved in nerve fibre regeneration (under their experimental conditions) is the DC potential 
(after Becker) acting as an axial voltage gradient and as a DC current.
It was found that when motor nerves were forced to grow towards other motor nerves (or sensory to sensory) a 
charge barrier originated at the confrontation zone and growth of the neurons was inhibited. Under conditions 
where sensory neurons grow towards motor neurons, according to Beckers theory, the distal charges (i.e. the 
distal voltage gradients) would be of opposite polarity and this would promote regenerative development. The 
experimental results uphold the hypothesis, though the authors acknowledge that the exact mode of action of 
these electromagnetic phenomena remains unknown (Shibib et al 1988b).
2.2.2 Injury potentials in Musculoskeletal Tissues
To continue initially with Becker's DC theory, Becker (1974a,b) reports (in brief) the experimental evidence 
with regards fracture healing and denervation. It was noted that there was retardation of fracture healing in 
peripherally denervated extremities and that when the nerve transection gap is bridged by the supporting 
(Schwann) cells, but not yet by the neurons themselves, the fracture healing rate was returned to normal. This, 
it is suggested, supports the concept of the DC potentials being conducted through the sheath as opposed to the 
neurons themselves. The details of this work are not reported in full and all attempts to identify repeat 
experimentation or collaborative evidence in the literature has failed. The results are reported here as a matter 
of interest rather than as a confirmed piece of evidence.
Many workers over recent years have considered the change in electrical activity of the tissues on injury, most 
commonly as a precursor to considering the electrical enhancement of the repair/healing of that tissue. 
Research by Becker shows that trauma produces an alteration in the whole body field pattern which is 
detectable as the current of injury (Becker et al 1962a,1974).
O’Leary and Goldring (1964) suggest that an injury potential will develop between injured and uninjured parts 
of a nerve, muscle, skin and theoretically at least, of any living tissue or cell that presents a membrane 
vulnerable to depolarisation as a result of trauma.
Page 2.32
Chapter 2
The bioelectric model of skin lesion repair is complex and largely beyond the scope of this review. The 
relationship between the activity of the skin battery and the altered potentials measured at a wound is strong, 
and it is widely considered that the relationship is important to the healing process. Although subjects in the 
current research will be those who have experienced subcutaneous soft tissue injuries, the electrical changes 
associated with skin wounds are briefly considered.
The mammalian skin potential work of Barker et al (1982) and Jaffe and Vanable (1984) using a skin injury 
model in guinea pigs has demonstrated that there is a current flow (movement of positive ions) out from a skin 
lesion due to an altered skin battery function. The skin potential at the wound site is zero as the battery has 
been short circuited, though a few millimetres away, a normal transcutaneous potential exists. There is a lateral 
voltage gradient in the superficial tissues, the mean strength of which was 140mV/mm in guinea pig skin. The 
lateral gradient was not present if the wound was allowed to dry. The model predicts a current flow from the 
intact skin battery into the deep wound, with a return path through the wound and to the tissue layer between 
the dead and living layers of the epidermis. The wound current is illustrated in Figure 2.10 (after Barker et al 
1982, Jaffe and Vanable 1984, Vanable (1989)).
Close to the wound, the outer surface of the living layer would be electrically positive with respect to the outer 
surface of the same layer far from the wound.
Figure 2.10 : Current path with full thickness wound in mammalian skin after Jaffe and Vanable 1984 (current
represents the movement of positive ions)
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The strength of the lateral voltage gradients associated with mammalian wounds is within the range of fields 
found to influence development (Jaffe and Vanable 1984). It is suggested that these wound currents could be 
responsible for stimulating wound cover by epithelial cells (Foulds and Barker 1983, Jaffe and Vanable 1984), 
The stimulation of skin lesions by externally applied electrical currents is gaining clinical acceptance and is in 
itself a considerable field of study (Vanable 1989, Watson 1994).
Illingworth and Barker (1980) have demonstrated local currents associated with amputated fingertips in 
children. The current density was on average 22[iA cm"2 and reached its peak approximately 1 week after the 
injury. The fingertips regenerated if left unsutured and the battery function of the skin was found to he 
comparable to that involved in amphibian limb regeneration. The skin battery current driving capacity is in the 
order of lfiA/mm of wound length (Borgens 1982, Jaffe and Vanable 1984, Vanable 1989).
Much of the experimental work in the area of endogenous electrical changes following injury > s. related to 
bone. Some of these studies have in addition considered soft tissue injury associated with the skeletal damage 
and this is clearly more pertinent to the present study. The activity of bioelectric potentials in relation to bone 
growth and fracture repair is not considered in detail in this review.
Friedenberg and Brighton (1966), Friedenberg et al (1973) are among those who have shown that there is an 
increased electronegativity on the hone surface in the vicinity of an injury. Borgens (1984) has measured 
current densities at the surface of injuries to mice metatarsals in vivo. He concluded that there was a metabolic 
powered ionic pump in the vicinity of the bone marrow which was the source of the stable, persistent current 
(referred to as the plateau current). The experimental evidence rules out the periosteum as the source of the 
potential. It is suggested that these endogenous currents are actively involved in fracture repair, remodelling 
and possibly growth rather than just being an 'epiphenomenon'. The replication or simulation of the natural 
injury currents to induce/enhance fracture healing, when applied in the same direction, seems to substantiate 
this hypothesis.
Chakkalakal et al (1988) present evidence to support the hypothesis that musculoskeletal injuries in humans 
and in animals cause an increase in endogenous electrical activity in the injured region. The aim of the 
experimental work they carried out was to determine the source(s) of the endogenous activity and to determine 
the distribution of the electric fields and currents in the injured limb.
The research measured the change in voltage and current in dog forelegs during progressive stages of surgically 
created injury, ranging from skin incision to radial osteotomy. The results show that the skin injury activated 
an epidermal battery of an effective open circuit voltage of 17-42mV. Injury to the subdermal soft tissues 
(without injuring the muscles) was not associated with any significant increase in endogenous electrical 
activity. Bone injury activated an endosteal battery of 15~56mV.
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The epidermal battery was determined to be the primary source for the injury currents in the extraosseous 
compartment, including that on the periosteal surface of the bone. The current in the medullary cavity and the 
net outward flow of current through the osteotomy gap were deemed to be primarily due to the endosteal 
battery. The authors suggest that evidence from these experiments, together with evidence obtained by Borgens 
(1984) indicate that the cell layer of the periosteum has no electrogenic properties. Evidence is presented that 
the bone battery may be anatomically associated with the endosteal layer of cells lining the bone surface.
The voltages and currents measured in the wound following the skin incision were significantly higher than the 
variable baseline values measured on the skin surface before injury. The variable baseline results were 
comparable with those found in animals and humans in other studies (Friedenberg and Brighton 1966, 
MacDonald and Watson 1982).
The endogenous currents noted in this study were comparable or even greater than those induced by exogenous 
signals in electrical osteogenesis studies. It is expected therefore that the endogenous activity would be 
physiologically significant Large currents on the soft tissue surface (10-32+iA) from the epidermal battery were 
detected and these support Barker et al's (1982) hypothesis that these are important for wound healing. It is 
suggested (Sevitt 1981) that endogenous electrical activity influences fracture healing and acts as a trigger for 
proliferation of osteogenic cells in the periosteum, with the bone surface acting as a pathway for currents 
arising from muscle injury potentials. The currents along the periosteal surface, in the medullary cavity and 
through the osteotomy gap are such that migration of negatively charged cells towards and into the gap would 
be enhanced.
The extensive experimentation by Ckakkalakal et al avoided the problem of muscle damage by carefully 
dissecting between the muscle planes. Lokietek et al (1974) however investigated the effects of several forms of 
soft tissue damage on the potentials measured from an undeformed tibia in rabbit. They conclude that muscle 
injury was the dominant factor in generating the voltage detected. It is hypothesised that the bone acts as a 
pathway for the injury currents produced in the damaged muscle.
MacDonald and Watson (1982) used an array of Ag/AgCl skin surface electrodes overlying the tibial shaft to 
produce a quasi-three dimensional display of voltage vs position vs time following tibial fracture. It was 
hypothesised that the detectable skin surface potentials may be indicative of the progress of bone healing. The 
full details of the work have not been published and the authors were contacted in order to determine the 
outcome of the research, but the work has been suspended until further funding can be achieved.
In the one research report which investigates a problem analogous to the proposed experimentation, Wilber 
(1978) measured direct current bioelectric potentials from normal and injured thighs. He utilised a differential 
skin surface electrode technique, with a reference electrode over the greater trochanter of the femur and an 
active wandering electrode along the lateral aspect of the thigh. Using pre-gelled commercial electrodes 
(Ag/AgCl) with an offset potential of 2mV or less, he took a series of readings from normal and injured
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subjects in order to determine the surface potential pattern. The readings obtained from normal (i.e. non 
injured) subjects followed one of 4 patterns. The two largest groups were found to be those with similar 
potentials left and right (i.e. left and right both negative or left and right both positive - groups of 36 and 40 
respectively). Two smaller groups (12 in each) presented with opposite polarities (i,e. left positive, right 
negative or vice versa).
Three injury groups were subsequently investigated: acute femoral fracture, delayed/non union and contusion. 
The patient numbers in each group were small (7,4 and 3 respectively) and although the results tended to show 
differences between injured and non injured limbs, the small numbers make any statistical analysis difficult
Meaningful interpretation of the results is difficult as no details of the patients medical management are offered 
and the actual values of the measured potentials are not included in the report. Scant details are available with 
regards the methodology and an important series of questions remain unanswered. It would appear that this 
paper was intended to serve as a preliminary report, but no further work by the author has been identified.
Numerous studies have produced results which compare favourably with those cited above. There would seem 
to be a general agreement that injury to bone causes a significant and relatively predictable alteration in the 
electrical state of the tissues. Most workers also express with considerable confidence, that this increased 
endogenous electrical activity is most likely to have a role in stimulating and/or controlling the repair process 
itself.
In addition to bioelectric activity changes associated with bony injury, there is a substantial volume of research 
concerned with bioelectric activity changes associated with skin lesions, and the principal studies are 
summarised below.
Woodrough et al (1975) investigated the relationship between skin potential level and facial skin lesions 
(malignant, benign and inflammatory). They demonstrated measurable differences between them, but the 
overlap between groups precluded use of the measurement device in clinical diagnosis.
More recently, Marino et al (1989) have investigated the relationships between skin potentials overlying 
carcinomatous breast lesions compared with those obtained over benign lesions both in mice and in humans. In 
both cases significant differences were measured between malignant lesions and controls, but no such 
difference was demonstrated between benign lesions and controls. The study is still at an early stage and the 
authors have not yet proceeded to a full scale clinical trials,
Williamson et al (1985) successfully used skin potential and conductance measurements to discriminate 
between cystic fibrosis and asthmatic patients, with a group matching accuracy of 92.7%. This is likely to be 
related to the effect of altered sweat gland activity in the generation of the SPL in line with Edelberg's model.
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Edelberg (1971) notes that there are electrical changes in the skin of patients with dermatoses, but he questions 
whether these changes are due to structural alterations, or are linked to the emotional components that often 
accompany dermatological conditions.
Bioelectric changes following injury have been demonstrated in several tissue types (predominantly bone, skin 
and nerve). These potentials are different from those normally present in these tissues, though there does not 
appear to be any universally accepted explanation for the generation of such potentials. Their existence is 
generally accepted as being significant rather than just an epiphenomenon (after Borgens 1984) and 
additionally it is considered by most authors, that these potentials and subsequent current flow has a major role 
to play in initiating, controlling and terminating the repair process.
2.2.3 Changes in injury potential with recovery/repair
The bioelectric disturbances that occur on injury persist for various lengths of time depending on the tissue 
involved and the extent of the injury. Burr (1938), Barnes (1945), Friedenberg and Brighton (1966), Wilber 
(1978), Illingworth and Barker (1980), Chang and Snellen (1982) and Chakkalakal et al (1988) are amongst 
those who have monitored the electrical activity of damaged tissues as it progresses through its proliferative and 
healing processes. Each of these groups have reported progressive changes associated with the healing process 
and have obtained results from mammalian tissue. The greatest difference from the baseline potential occurs 
during the early proliferative phase and tails off during the subsequent reparative and remodelling phases. 
Whether these potentials are coincidental, instrumental for the repair or a consequence of the physiological 
process is an issue which has yet to be resolved. Barker et al (1982), Weiss et al (1990), Becker (1974a,b), 
Borgens and McCaig (1989), Vanable (1989) are amongst a growing body of researchers who present evidence 
to support the initiator/control concept Further evidence to support the initiator/control theory is derived from 
studies (in animal models) where the natural electrical activity associated with tissue repair is inhibited or 
subjected to polarity reversal. The effect of this type of manipulation is to either significantly slow down, or 
more usually to completely inhibit the normal repair process (Vanable 1989).
Many workers have considered the bioelectric correlates of injury/repair/regeneration in amphibians and other 
lower vertebrates. Borgens (1982,1984) has established clear patterns of behaviour in amphibians following 
limb amputation and subsequent regeneration (Section 2.1.5). Becker (1961) has demonstrated a difference in 
electrical behaviour in regenerating and non-regenerating species (considered in Section 2.2.1).
The use of exogenous electrical potentials, fields and currents in order to facilitate tissue healing (in bone, 
nerve and skin) has become a clinically accepted technique. More than 40 papers have been identified which 
report research in this area. The results vary with tissue type, subjects and type of applied stimulus, but a high 
proportion claim significant enhancement of tissue healing.(\/0Ac6ie IW , e+ t H M -).
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One is led to the conclusion that musculoskeletal tissues (not just muscle and nerve) are electrically active, that 
following injury, the behaviour of this electrical activity is modified and that as the repair process proceeds, 
there is a progressive return to a normal pattern of bioelectric behaviour. Without necessarily considering the 
wider implications of the initiator/control concept, the physiological evidence is strong and gaining widespread 
acceptance.
2,3 Implications for the Current Study
The current study does not aim to identify either the source or physiological effects of the biopotentials. The 
experimental work aims to establish the background levels for surface potentials in non injured subjects and 
compare them with equivalent potentials from recently injured soft tissue. If the DC control theory proposed by 
Becker et al or the tissue repair potential theories proposed by Foulds and Barker (1983), Chakkalakal (1988), 
Borgens (1982,1984), Jaffe and Vanable (1984) and many others are in any way applicable to soft tissue injury 
without specific skin lesions, the surface measurement of skin potentials might reasonably be expected to show 
different values between injured and non injured subjects.
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3* Rationale for Differential Skin Potential Measurements
Skin Potential measurements are typically used in psychophysiology research and in clinical psychology, 
primarily as a means to monitor a subjects anxiety and/or stress state (Brown 1967, Greenfield and Stembach 
1972). A  recent modification of the monitoring system has resulted in the use of skin potentials as a means of 
biofeedback, helping patients to control their stress levels (Volow et al 1979).
The current project is concerned with monitoring physiological function and the changes associated with injury 
and recovery by the use of electrodermal activity. Although traditional SPL measurement may reflect the 
anticipated changes in the electrical activity of the skin, it does not meet the needs of the current project. In this 
section, the rationale and justification for an alternative form of skin potential measurement is presented. The 
generation mechanisms for the SPL have been considered (Chapter 2), and in this chapter the possible effect of 
a local soft tissue injury on these mechanisms is considered both in relation to the traditional and the new 
measurement system.
The prediction of the increased positivity in surface potential at the injured site has not been confirmed from 
the literature or from a definitive SPL model. The prediction is made as a theoretical extension from SPL 
theory in non Jnjured subjects. The complexity of the relationships between the 4 variables in Edelber^s model 
and the effects of EC F ion concentration differences in the BSPL model mean that alternative DSSP variations 
following injury must be considered in the light of the results achieved. The changes proposed are based on 
apparently common ground from both models, neither of which were developed to explain pathophysiological 
influences on the surface skin potential.
3.1 Criticisms of the Transcutaneous Skin Potential for the Current Project
The transcutaneous skin potential measurement, although well researched was not considered to be ideal for the 
current work for several reasons.
A) Skin Potential Responses -  As indicated in Section 2 .1, transcutaneous potentials are ideally suited to 
recording skin potential responses (SPR's) due to their sensitivity to altered sweat gland function. One of the 
aims of the current research is to record the skin potential as a baseline phenomena (i.e. the tonic rather than 
the phasic components of the potential). It was not a primary aim of the research to investigate the phasic 
electrodermal responses to psychological stimuli which are primarily dependent of sweat gland activity. The 
transcutaneous potential, which is primarily sensitive to these phasic responses is not best suited to baseline 
measurement.
B) Skin Injury Potentials - in order to measure the transcutaneous potential it is necessary to either puncture the 
epidermis (Foulds and Barker 1983) or use epidermal abrasion/stripping techniques (Lykken 1959, Shackel
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1959, Venables and Sayer 1963, Grings 1974 and Geddes 1972). In the process of gaining access to the internal 
environment of the body for the ‘reference' electrode, some form of insult must occur to the epidermal tissues, 
thus injury potentials related to the epidermal trauma will inevitably be generated. Barnes (1945) for example, 
used a sandpapering technique to breech the epidermis and demonstrate changes in skin potential following 
injury.
For research which is concerned with SPR’s, the baseline potential is not of primary interest, and the 
instrument used compensates for alteration in the background SPL, measuring only the magnitude and 
direction of the change in potential following a stimulus (Geddes 1972, Brown 1967). For research which is 
concerned with the magnitude of the baseline potential, the use of skin puncture or abrasion introduces an 
unknown variable (i.e. the injury potential). As the present study is primarily concerned with low level steady 
potentials, epidermal penetration is deemed inappropriate. The injury potentials generated may be greater than 
the baseline potentials of direct interest.
C> Subiect/Patient Compliance - It was anticipated that the experimental work would require each subject to 
attend for a number of sessions over a period of a few weeks. If the transcutaneous method is to he used, the 
epidermal sanding/puncture will have to be repeated on each occasion as the lesions have been shown to 'heal' 
in 3 to 4 days (Barnes 1945). Several potential non injured subjects were approached and asked whether or not 
this would be an acceptable procedure. Most subjects interviewed expressed concern regarding repeated skin 
puncture, several stating that they would not want to participate in such a trial. Additional fears were raised 
with regards possible HTV infection.
Informal contact was made to clinical ethical committee members who suggested that it would be more difficult 
to allow this type of procedure to be used without the active participation of an appropriately qualified clinician. 
This was felt to introduce significant restrictions on the practicalities of the trial work.
D1 Clinical Application - If the proposed skin potential measurement system proves to be clinically applicable 
for monitoring soft tissue injury recovery, its use as a research tool could be limited by the need for skin 
puncture. As with the non-injured subjects, it was anticipated that request for participation in a trial which 
involved multiple skin punctures (for no direct clinical benefit) was likely to be met with some reluctance. Even 
without this component of the testing, a significant number of suitable injured subjects in the hospital situation 
refused to take part in the trial (Chapter 10).
3.2 Theory of the Differential Skin Surface Potential (DSSP)
The skin potential measurement to be used in this work differs from the traditional measurement in that neither 
electrode site is punctured or abraded. Surface electrodes will be placed at specific locations with a single 
reference electrode which is common to all sites (also on the skin surface). Measurement will be made of the
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difference of surface potential between any two of the chosen sites. Such a measurement is termed a differential 
skin surface potential (or DSSP).
The principle of the differential skin surface potential (DSSP) measurement is that there will be a difference in 
the surface negativity at two skin surface locations. This difference can be explained in terms of either the 
generator and resistance model presented by Edelberg (Section 2.1.2), the membrane model proposed by 
Christie and Venables (Section 2.1.3) or the Skin Battery model proposed by Foulds and Barker (Section 2.1.6). 
The consistency of these models is that they are all reliant on a membrane based ‘battery’ function of the 
epidermis as an essential component of the generation mechanism.
Each electrode, acting as a half cell will respond to the surface potential at that site (Cromwell et al 1980,
Ferris 1983). The instrument measures the difference in these half cell activities and therefore provides a value 
for the difference in electrical surface potential between the sites. The measurement is related to but 
independent of the transcutaneous potential. For two sites with identical transcutaneous SPL values, the 
recorded DSSP will be zero mV. With electrodes placed at sites with different transcutaneous SPL’s a non zero 
value will be recorded. With a standardised orientation of the electrodes attached to the instrument, a recorded 
DSSP will have both magnitude and direction - it is known which is the more positive and which the more 
negative site.
Following the human skin mapping undertaken by Foulds and Barker (1983), a difference in potential is 
expected between most surface sites as the transcutaneous potential varies with anatomical location. From 
Foulds and Barkers! published results, and as an example, the mean transcutaneous potentials at two locations 
in the left and right lower limbs are shown in Table 3.1
Electrode Location Mean Potential Left 
(mV)
Mean Potential 
Right (mV)
Posterior Knee -23 -25
Ankle -34 -32
Table 3 .1 : Mean transcutaneous SPL values from Foulds and Barker (1983)
Measurement of the DSSP between the posterior knee and the ankle from a subject with these transcutaneous 
potentials would give a potential of llm V  on the left and 7mV on the right, with the ankle negative with 
respect to the knee.
The DSSP has not been used previously to measure the electrical activity associated with soft tissue damage 
with the exception of the Wilber (1978) study which was discussed in Section 2.2.2 and is insufficiently 
detailed to provide baseline information. DSSP measurements, reflecting the difference in the magnitude of the
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skin potential level at two sites offers the facility needed to test the hypotheses in Section 1.4 and was therefore 
adopted for use in the current work.
The effect of tissue trauma on the DSSP can not be accurately predicted given the information available in the 
literature. It is possible that the tissue injury potentials at depth could influence the recording system directly 
though this is considered unlikely due to the relatively small (point) source of the injury potential and the 
volume conductor nature of the body tissues (Grassie 1980). A  more likely scenario is that the physiological 
changes (associated with the inflammation, proliferation and remodelling phases) of repair are capable of 
influencing the skin potential generation mechanisms in the skin which in turn may be reflected in an altered 
skin potential. The changes which occur in the skin overlying a soft tissue injury may be obviated by 
compensatory physiological changes by means of a homeostatic mechanism. The possible effects of local soft 
tissue injury on both the transcutaneous and differential potentials are considered in subsequent sections.
3.3 Relationship between the Skin Potential Level and the DSSP
When Edelberg's model is compared with the general concept of basal skin potential level (BSPL) proposed by 
Christie and Venables (1971a,b,c,d) there are significant similarities. If Edelberg  ^skin potential model is 
applied under resting conditions (low S, high Rs), the epidermal factors are expected to dominate if changes in 
the potential occur as the sweat gland is generating a lower proportion of the potential.
Christie and Venables (1971a,b,c,d) demonstrated the membrane like behaviour of the epidermis when a 
subject is under resting conditions. The magnitude of the skin potentials in their experimentation was related to 
the concentration difference of major cations on either side of the membrane (Section 2.1.3). Edelberg does not 
detail the diffusion mechanisms at the epidermal membrane though he does consider several possible modes of 
action (e.g. steric hindrance and possible fixed charge ion channels) (Section 2.1.2). The close relationship 
between the two models, both considering the behaviour of the transcutaneous potential, is clear. The difference 
in interpretation is that Edelberg considers the skin potential primarily in terms of a dynamic (phasic) response 
whilst Christie and Venables consider the potential during the tonic phase (i.e. in the absence of phasic 
activity). It remains credible that both models are applicable, and for a subject at rest, the two concepts reflect 
the same electrodermal phenomenon - that of the skin potential between the internal body environment and the 
external surface of the skin related primarily to epidermal membrane rather than sweat gland activity.
The similarity between the membrane function of the skin under these conditions and the membrane model 
offered by Foulds and Barker (Section 2.1.6) is striking. The skin battery model relates the generation of the 
potential in non-injured skin to cation (sodium) diffusion gradients across the epidermal membrane which is 
consistent with the BSPL and Edelberg models.
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The main skin potential generation models which are applicable under resting conditions can be extended to 
consider the generation of the DSSP. The generation of the transcutaneous skin potential is dependent on the 
relationship between the concentration of the major ions in the skin surface fluid (or the electrode electrolyte) 
and the body fluids on the deep aspect of the epidermal membrane generator. Both Edelberg (1971) and 
Christie and Venables (1971) have recorded a change in the SPL when the ionic concentration of the external 
electrolyte is varied. By maintaining a constant external electrolyte ion concentration, a change in 
transcutaneous potential will be recorded if the body fluid (ECF) ion concentration varies. The DSSP, measured 
with a constant electrolyte, is expected to reflect the difference in membrane generator function of the 
underlying skin which in turn will reflect the differences in ion concentration ratios. The careful orientation of 
the leads enables the relative activity of the two sites to be determined.
3.4 Extension of the Basic SPL Models to Injured Tissues
Following a soft tissue lesion (e.g. muscle or ligament tear), there are a series of strong local physiological 
reactions which follow a well documented sequence. Included in these are a local change in the blood flow 
(vasodilation), changes in the microcirculation dynamics and the production of an inflammatory exudate 
(oedema) (Vernon Roberts 1987, Hurley 1985). If the changes that occur as a result of tissue damage can be 
related to expected changes in the membrane generator function, it is possible to consider the skin potential 
changes which may occur as a result of a closed soft tissue injury.
Christie and Venables (1971 a,b,c,d) established that there was an inverse relationship between the ionic 
concentration of the body and the magnitude of the BSPL. An increase in the ion concentration (particularly 
potassium) in the tissues under the surface electrode will result in the alteration of the ratio of ionic 
concentration between the electrolyte and body fluids. This will result in a less negative potential being 
recorded. Conversely, a lower than usual ion concentration in the tissues will result in a more negative recorded 
potential.
Following a soft tissue injury, the potassium ion concentration of the extra cellular fluid (ECF) in the locality is 
reported to be greater than for tissues in the ‘normal’ state (Juneau 1992). In these circumstances, the BSPL 
(still measured as a transcutaneous potential) will become less negative if the surface electrode is placed at or 
near the injury site.
Detailed modelling of the post injury potential changes based on Edelbergs model is not possible due to the lack 
of published values for the four main variables (E, S, Re and Rs). However, from the information provided, it is 
assumed that the magnitude of Re (epidermal resistance) is much greater than that for Rs (the resistance 
associated with the sweat gland (Edelberg 1968,1971). Using Edelbergs equation (from Section 2.1), it is 
possible to assess the possible influence of a change in epidermal generator and resistance function.
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P = E + Re—- —
(Rs + Re)
Equation 3 .1 : Edelberg Equation (A) for the generation of the transcutaneous Skin Potential (P)
If under normal circumstances the ratio of Re/(Re+Rs) =  0.9 (given that R e»R s), then:
P=0.1E + 0.9S (Equation 3.2)
It is suggested (Edelberg 1971) that the vascular plexus of the subdermal tissues may contribute to the electrical 
properties of the skin. A local vasodilation with concurrent oedema formation is expected to increase the fluid 
content of the local tissues, including the overlying skin, thereby reducing epidermal tissue resistance (Re). On 
injury, if  the sweat gland activity remains constant and the value of Re is reduced, then the ratio (Equation 3.2) 
will alter, increasing the relative contribution made by E compared with the non injured situation. Values for 
the changes in Re are unavailable, but if the ratio of Re/(Re + Rs) is reduced from 0.9 to 0.8 then :
P =  0.2E + 0.8S (Equation 3.3)
Under these circumstances, with both S and Rs maintained at a constant level combined with a reduction in Re 
due to the injury, the relative contribution of the epidermal generator to the SPL will increase. If the generator 
capacity of S is greater than E  (Edelberg 1968), the effect of increasing the contribution made by E  will be to 
make the surface potential less negative. Under injury conditions therefore, reducing epidermal resistance could 
reasonably result in a less negative surface potential. This is consistent with the positive shift associated with 
the membrane model presented previously.
The complex events taking place in the tissues following injury are unlikely to affect only one of the principle 
factors associated with the generation of the skin potential. From the information available in the literature, it is 
suggested that a less negative skin surface potential could reasonably be expected to follow a subcutaneous soft 
tissue injury, but simultaneous changes in sweat gland activity or compensatory changes in Re as a homeostatic 
mechanism could negate these effects..
Both the BSPL and Edelberg models predictja positive shift in potential is possible at the injured tissue site 
when one surface electrode and one reference (drilled or abraded) electrode are used. Both explanations are 
relatively simplistic, but based on the available experimental evidence.
Page 3.6
Chapter 3
3.5 Injury Model using the Differential Technique
The models and experimental evidence support the presence of an externally negative transcutaneous SPL 
under non-injured conditions. The current work involves the measurement of the DSSP and the effects of a 
local soft tissue injury on the DSSP need' to be considered. If one of the surface electrodes from a particular 
pair was at a location close to the traumatised tissues and the other electrode was someway distant, a difference 
would be expected between the recorded DSSP and the ’normal1 potential for that electrode combination.
Given that both the SPL models considered in Section 3.4 predict a more positive potential at an injury site, the 
effect of a local injury on the DSSP can be modelled. Knowing the electrode connections to the inputs of the 
instrumentation, both the magnitude and the direction of the difference in DSSP can be established. If the 
electrode nearest the traumatised tissue was connected to the non inverting (+) input of the amplifier then the 
measured potential would be expected to be more positive than the equivalent potential from the opposite limb. 
If the inverting (-) electrode was closest to the site, then a more negative potential could expected.
In addition to the expected difference at the time of injury, the DSSP is expected to revert to the 'normal' state 
as recovery occurs, hi principle, by measuring the DSSP with the (+) electrode closest to the injury site, and 
comparing the signal with the equivalent non injured limb, there would be an expected positive shift in 
potential soon after the injury which would progressively return to the normal potential (becoming more 
negative with recovery) though not necessarily in a linear mode.
There are many possible variations to this expected injury/recovery profile. The role of the sweat gland could 
dominate and mask the changes predicted in the epidermal generation. The predicted positive shift in potential 
could be small in relation to the measured potential and fall within the bandwidth of the normal variability of 
the signal. The psychological stress associated with the injury may result in a phasic potential activity change 
with no observable alteration in the tonic phenomenon. The recovery curve may not be discernible and 
additionally, it is possible that there may be an ‘overshoot’ of the recovering potential such that it dips below 
the baseline before finding its normal level. In physiology, it is not uncommon to see an overshoot followed by 
a compensation to achieve normality sometimes with several oscillations. In wound healing, the physiological 
‘overshoot’ is dealt with during the remodelling phase which follows the main repair (proliferative) stage. 
Figure 3.1 depicts a possible injury and recovery curve measured with a differential surface electrode technique 
and includes end stage oscillations.
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Figure 3 .1 : Representation of the change in DSSP recorded from an injured subject, when the non inverting
input is closer to the injured tissue.
3.6 Factors Affecting the Skin Potential Level
A  number of factors which will influence the magnitude of the SPL measured with the transcutaneous method 
have been reported by several authors (e.g. Christie and Venables 1971a, Garwood et al 1979,1981 Leonesio 
and Chen 1987, Millington and Wilkinson 1983, Surwillo 1969). These are:
site of electrodes
mechanical deformation and motion artefacts 
temperature (environmental and local tissue) 
relative humidity 
state of arousal 
age, sex
diurnal and seasonal variations
injury and pathological conditions (discussed in Section 2.2)
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In considering the DSSP as a preferred method of recording, these same factors must be considered.
Some factors can be considered to be of a general type, and could reasonably be expected to affect all electrode 
sites in the same way e.g. age, sex and environmental variables such as temperature and humidity. With the 
DSSP technique, it is anticipated that a common variation at both electrode sites would negate the individual 
changes and therefore not result in a change in DSSP magnitude. Other factors can be considered to be more 
local in their sphere of influence e.g. electrode location, skin temperature, electrode movement and injury. It is 
less clear whether these factors could be expected to affect both electrode sites similarly, and it is considered 
more likely that the changes could be reflected in DSSP magnitude variations.
3.6.1 Electrode Site
As the level of electrical activity in the skin is to some extent at least dependent on the relative activity of the 
sweat glands (Section 2.1), the proximity of the electrodes to active sweat glands will have some effect on the 
recorded values.
Foulds and Barker (1983), investigating the whole body pattern for transcutaneous potentials noted an 
anatomical consistency in the amplitude distribution of the potentials. The hands and the feet demonstrated the 
highest potentials whilst other body areas (e.g. trunk and upper arms) demonstrated consistently lower values. 
Typical gland concentrations for the palms of the hand and the soles of the feet are in the order or 2500 per 
square inch, whilst on the back, this figure may drop to 400 per square inch (Hassett 1978).
Wilcott (1967), Hassett (1978) and Edelberg (1972) highlight a difference in the role of some sweat glands. 
Some skin areas have glands which do not respond primarily to thermoregulatory stimuli, but respond instead 
to external stimuli and stress. These areas are mainly the palms of the hands, palmar surface of the fingers and 
the soles of the feet
In order to minimise psychological corruption of the baseline potential measures used in the current study, the 
skin areas which have the highest sweat gland concentrations and which appear to demonstrate the strongest 
links with arousal and stress states will be avoided - these are the palmar surface of the hands and the plantar 
surface of the feet
In addition to the effect of sweat glands on transcutaneous SPL magnitude, Edelberg (1971) suggests that the 
thickness of the comeum, the presence or not of the stratum lucidum and the presence or absence of hair may 
influence the recorded SPL. The comeum thickness cannot be controlled but is expected to be comparable at 
equivalent electrode sites in the same subject as is the hair density. The stratum lucidum is only present in the 
hands and feet, both of which are sites which will be avoided.
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3.6.2 Mechanical Deformation and Motion Artefacts
Motion or deformation of the skin under the recording electrode can give rise to significant electrode potential 
artefacts - often referred to as 'motion artefacts'. A  5mV disturbance on motion or deformation is a commonly 
cited value (Burbank and Webster 1978, Cobbold 1974, Tam and Webster 1978, Zipp and Ahrens 1979,
Odman 1982)
Subjects in the current study will be resting on a treatment couch and although free to move should they want 
to, they will be discouraged from excessive motion during each recording period thereby minimising the 
influence of the motion artefact. Further, Cobbald (1974) considers that the use of Ag/AgCl electrodes with a 
recessed design and an adequate layer of electrolyte gel should be sufficient to eliminate motion artefact noise. 
Recessed, pre-gelled electrodes were selected for use with the measurement system (Section 5.1) in order to 
further reduce the possibility of these signal artefacts.
3.6.3 Skill Temperature, Environmental Temperature and Humidity
Differences in the SPL can arise as a result of both environmental and local (skin surface) temperature changes. 
Venables and Sayer (1963) proposed that a maximum potential difference of lm V per 5 °C  environmental 
temperature change could be expected. If the whole limb warms evenly and there is no skin abrasion, there 
should be no effect of temperature on the DSSP because any change will affect the potentials produced at each 
site equally. An environmental thermal stress test was included in the subject tests (Chapter 9) to confirm this 
assumption.
The relative humidity of the test environment can also be expected to have an effect on the recorded potentials. 
The skin is not usually 'dry' but has a water content in balance with the humidity of the surrounding air, from 
the sweat gland supply and from insensible perspiration (Grimes 1982). It is suggested (Edelberg 1968) that 
variation in the relative hydration of the epidermis will have an effect on the SPL (Section 2.1.2). It is difficult 
to control the temperature and humidity of the test environment, especially in the clinical situation, but 
environmental temperature, and relative humidity will be recorded at each session and these values used in a 
correlation analysis to establish whether the differential potential varies with either of these factors.
For skin electrodes which are non-isothermal, Venables and Sayer (1963) showed that a potential difference of 
some 450flV/°C difference in temperature can be expected, with the warmer electrode being more positive. In 
the non injured subject trials, differences in skin temperature between the limbs are expected to be minimal. 
When testing the injured subjects however, it is possible that an acute local injury with accompanying 
inflammatory response may give rise to unequal skin temperatures at the electrode sites. This cannot be 
controlled, but will be monitored closely for both non-injured and injured subjects. The results obtained by 
Venables and Sayer (1963) were achieved with a transcutaneous potential measurement system. Assuming that
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the DSSP is affected to no greater extent, then this magnitude of change is minimal when the magnitude of the 
potential is considered (typically in the ±4QmV range from the BSc pilot study).
3.6.4 State of Arousal and Psychological Phenomena
The changes in SPL and BSPL associated with psychological stress have been well documented and are 
discussed in Section 2.1, but the importance of these effects in relation to the current DSSP measurements is 
unknown. It is considered likely that changes in SPL associated with stress or anxiety would affect peripheral 
skin sites equally so long as the hands and feet have been excluded. If this is the case, then the DSSP will 
remain unaffected by such changes. If the skin at different electrode locations responds differently to the same 
stimulus, then the DSSP would be expected to show some variation. It has not been possible to identify from the 
literature how skin sites other than the hands and feet respond to such stimulation other than that the response 
is minimal (Edelberg 1971,1973). Experimentation included in the subject trials will include deliberate 
manipulation of a subjects psychological stress levels in order to assess the effect on the DSSP (discussed in 
Chapters 8 and 9).
There is some evidence that the transcutaneous skin potential can be influenced by the higher centres (i.e. 
conscious thought). Volow et al (1979) demonstrated that with a minimal amount of training, subjects were 
able to arrest or facilitate declines in the SPL when provided with appropriate feedback. Subjects in the current 
tests will not be provided with any form of feedback from the recording system (visual) or verbal (from the 
tester) which might introduce a confounding variable.
3.6.5 Age
A  reduction in the SPL with age has been predicted by numerous authors on the basis that older patients have 
fewer active sweat glands. The evidence to support this prediction remains incomplete and conflicting to some 
extent. For example Surwillo (1969) reported a higher (more negative) SPL in elderly subjects, but the 
difference was relatively small with a low degree of significance. Capriotti et al (1981) demonstrated a reduced 
(less negative) SPL in older men, whilst Foulds and Barker (1983) found an apparent lack or correlation 
between age and SPL.
Garwood et al (1979) demonstrated a complex correlation between age and SPL when the electrolyte used for 
measurement was varied. In young men, the most negative SPL was recorded under conditions of least 
hydration of the epidermis, whilst the reverse was true in older patients, with the least negative potentials being 
recorded under these conditions. This difference was attributed to the reversed relative contribution of the sweat 
gland and epidermal generators, with the epidermal generator becoming more significant in older age. In their
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follow up study (Garwood et al 1981), a reduced (less negative) SPL was again noted in the older patients when 
observed under conditions of low epidermal hydration.
Changes in the absolute values of the SPL with age may or may not be significant, but it is anticipated that by 
using a differential potential measurement, the changes should occur equally at all recording sites. If this is the 
case then the DSSP will not be affected by age related sweat gland or epidermal changes. The age of all subjects 
involved in the trial is noted and therefore any correlation between the magnitude of the mean skin potential 
and the subjects age can be calculated. Exclusion criteria based on a subjects age will not be employed in the 
subject trials with the exception of those who are under 18, and who will be excluded for legal and ethical 
reasons.
3.6.6 Sex
Few authors have reported differences in skin potential between the sexes. Foulds and Barker (1983) 
determined no significant correlation between skin potential magnitude and the sex of the subject. Christie and 
Venables (1971a) found when measuring the BSPL, that the values in the female subjects were generally lower 
(less negative) than in the males. It is suggested that these differences may reflect differences in the 
concentrations of cations between the sexes, but that alternatively, it might reflect other non-sudorific factors 
e.g. hormonal cycles. Due to the lack of baseline measurements comparing male and female values for BSPL 
and internal cation levels, the authors concluded that sex differences remain unproved.
Male and female subjects will be recruited for both the injured and non injured trials. The effect of an 
individuals gender on the DSSP will be evaluated.
3.6.7 Diurnal and Seasonal Variation
Christie and Venables (1971a,b) have noted that the BSPL level, when recorded with 0.5% KC1 electrolyte, 
exhibits a diurnal variation, with a nadir in the early afternoon and a zenith in the evening. From the evidence 
presented by the authors, such a nadir would be associated with the highest internal potassium ion 
concentrations. Christie and Venables (1971a,b) have also cited evidence to support the notion of seasonal and 
climatic effects on body fluid electrolytes
The results of an extensive study investigating the relationships between weather and electrodermal behaviour 
(Waters et al 1979) suggest that meteorological variables bear significant and complex relationships to 
electrodermal activity. Although the study only considered skin conductance measures, the correlation between 
skin conductance and various aspects of skin potential have been discussed in Section 2 .1.1.
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One must consider therefore that seasonal and meteorological factors could affect the transcutaneous SPL. The 
strongest correlations exist between skin conductance and skin potential responses (SPR’s) in that they both 
have a generation mechanism directly related to sweat gland activity. The sudorific SPL is also related to sweat 
gland activity (Section 2.1), and a correlation with weather conditions might be anticipated.
The BSPL is non sudorific in origin (Section 2.1.3), and it is expected to respond less strongly to environmental 
changes though they can not be eliminated as a source of variation. The DSSP is a baseline measurement, 
similar in many respects to the BSPL. It is not considered to have a sudorific dominant generator mechanism 
(Section 3.3), and therefore the effects of seasonal and environmental conditions are expected to be minimal. If 
these factors do influence the generators of the DSSP, the effect will be minimised if the assumption that the 
generators at different sites will be affected equally is upheld.
Beckers more recent work (Becker 1984) attempts to establish a constant relationship between growth 
processes, regulated by the internal direct currents, and the earth's normal magnetic field. This concept is 
extended in a later paper (Becker 1985) in which it is suggested that the possibility exists, but remains 
unproved, that the bioelectric activity of the body may be influenced by the natural magnetic field of the earth 
and by its associated ELF electromagnetic fields. Measurement of ELF Magnetic flux and the earth's E-M  fields 
are beyond the scope of the cunent work.
The environmental temperature and humidity are noted at each session, and the barometric pressure was also 
recorded during the main trials with both non injured and injured subjects (November 1992 to August 1993). 
No attempts were made to record environmental weather conditions other than those factors already identified. 
Correlation studies between the recorded potentials and the environmental conditions will be included in the 
overall results analysis.
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4. Development of Instrumentation and Software
4.1 Introduction to System Development
This chapter considers the need for and the development of a novel instrument for use in the project In 
addition, the development of the software required for data collection and analysis is described.
4.1.1 Rationale for novel hardware
Commercial systems used for measuring small DC potentials from biological systems tend to be expensive 
laboratory based instruments which once calibrated, are not designed for repeated relocation. The trials 
involving injured and non-injured subjects were to be conducted in at least three locations, and it was decided 
therefore to design and construct a robust dedicated system which could be transported to the test locations. It 
was not considered practical to bring acutely injured subjects to the laboratory which was not part of a clinical 
unit.
The pilot testing (Watson 1989) had been carried out using a commercial multimeter (Global 1905a Intelligent 
Digital Multimeter with a Thurlby 19-SI RS232 Serial Data Output Module) interfaced with a BBC 
microcomputer (Section 4.1.2). The results of these tests were of limited value and following discussion with 
several people, it was decided that in view of the safety hazards associated with this system and other 
instrumentation factors of which the author had been unaware, that a dedicated potential measuring device was 
the most practical solution.
The design work was originally carried out by Wood (1991) as an MSc project at the University and later 
continued by him as part of his PhD research. The initial requirements and constraints were discussed and 
consultation was held throughout the design stages.
The final system used in the main subject tests was a dedicated 2 channel millivoltmeter which complied with 
BS 5724 (the British Standard for Medical Electrical Equipment) and which could be interfaced to either an 
Acorn Archimedes or 486PC computer using custom software.
4.1.2 Review of BSc Pilot Study
In the pilot study (Watson 1989), the multimeter (above) and BBC computer were used with commercial ECG  
electrodes (3M Red Dot) which had been found to have a typical offset of less than lm V. The test leads were 
unshielded meter test leads as supplied with the instrument. Potentials were recorded from each limb in turn, 
using pre-detennined electrode positions at the knee and ankle. The multimeter sent readings in serial fashion
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to the computer at a fixed rate of approximately 3Hz. The computer was set to sample this data stream at one 
reading every 2 seconds for a 2 minute test period for each electrode combination (knees, medial and lateral on 
left and right sides). The reasons for the relatively slow data collection rate were twofold. Firstly, it was found 
that data collected at 3Hz gave almost identical statistical values for the mean and standard deviation as data 
collected at 2 or at 30 second intervals. Secondly, the memory limitations of the BBC microcomputer made it 
difficult to collect large quantities of data. The choice therefore was either to collect data at a faster rate for a 
shorter period of time or to use less frequent sampling over a longer period. The primary aim of this pilot work 
was to establish the magnitude and general behaviour of the skin potentials over extended time periods rather 
than to examine the detailed DC characteristics and AC components of the signal. It was decided therefore that 
less frequent readings over a longer period of time would be a more appropriate approach.
The results of the initial research were inconclusive. No clear pattern emerged from the non-injured subjects 
tested (N=5) and significant differences were demonstrated between the skin potentials from opposite limbs on 
the same occasion and also from the same limb on the repeat measurements several days later. The reasons for 
these differences had not been identified. The potentials recorded were not strictly differential potentials as the 
common lead from the multimeter was in fact coupled to the mains earth, resulting in a potential which 
reflected the activity of one electrode rather than a true differential potential. The multimeter offered no facility 
for a reference lead and no filter for interference or mains noise. Although the computer interface offered 
isolation for the subject, it later transpired that the subject was still at risk from electric shock from the meter 
itself.
The reason for using what was considered to be a differential potential recording method was to minimise the 
effects of several confounding variables (e.g. the state of arousal) which had been identified from the literature. 
It was suggested (Watson 1989) that by measuring the surface potential between two electrodes, skin injury 
would be avoided and the effects of environmental, psychological and physiological factors minimised as they 
could be expected to affect both electrodes equally (reviewed in greater detail in Chapter 3). This assumption 
was not specifically tested during the BSc trials.
The work failed to establish any definitive pattern from the skin potential data, and several possible 
explanations were proposed (Watson 1989). Firstly, that the skin potentials do not behave in any way which 
was predictable and that the general hypothesis was void. Secondly, that the equipment used for the work was 
elementary and without a reference electrode, any recorded potential could appear unstable due to noise and 
interference which was uncontrolled. Thirdly, that the rationale for using a differential skin potential was based 
on the assumption that the effects of confounding variables would be minimised or eliminated by using surface 
electrode pairs (see Section 3.5 for a more detailed review of these confounding variables). These variables 
included psychological state and local temperature differences. With the exception of environmental 
temperature and humidity, no confounding variables were measured. The extent to which changes in these 
variables could account for the changes in the recorded potential had not been established.
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One requirement of the current work was to improve the characteristics of the measurement system so that the 
skin potentials recorded were more reliable and that the effects of electrical interference were minimised.
With the experience from the pilot work, the order of magnitude of the signals was known (at least when using 
a multimeter) as being between ±40mV. It was shown that there was sometimes a considerable variation in 
potential from one electrode combination over a two minute test period as well as from day to day. Subject 
safety also needed careful consideration. It was proposed that recording from the electrode pairs from the right 
and left limbs simultaneously would make signals from opposite limbs more comparable - requiring the 
development of a two channel recording system. These factors, combined with the theoretical work from the 
BSc allowed a more detailed consideration of the measurement system required to undertake the proposed 
work.
4.2 Hardware Development
The new instrument was developed from Woods’ MSc project work which provided the starting point for the 
instrumentation.
4.2.1 Review MSc System
The initial system requirements were that a differential skin surface potential could be safely and accurately 
recorded from human subjects. The potentials of interest were DC and the system therefore did not need 
facilities for A C signal measurement The relatively low magnitude of the potentials meant that adequate 
shielding from interference needed to be provided. Assuming that a differential potential range of ±40mV was 
reasonable(Watson 1989), a display resolution of O.lmV over a range of ±50mV was considered appropriate for 
the initial design giving 1000 divisions for a full scale of lOOmV. The system would need to be insensible to 
relocation so that it could be realistically transported from the laboratory to various test and clinical settings for 
the main subject trials. Reproducibility of the instrument output for a known input was clearly an essential 
element of the design. Accuracy over time periods based on months rather than minutes would be required for 
full scale subject testing.
The initial specification for the instrument was:
a) a single channel device
b) capable of recording DC and ultra low frequency (<5Hz) potentials from pairs of skin surface electrodes
c) to include a reference electrode, thereby allowing true differential potential recording
d) a high input impedance fclO^ohms) to prevent current flow from the subject through the instrument
e) adequate protection from interference and environmental electrical noise (noise levels of < 1(iV;rms)
Page 4.3
Chapter 4
f) a low D C drift rate (<0.1mV/hr)
g) an initial (pre amplifier) gain of 10
h) subject safety with protection to BS5724
A  block diagram of the resulting system is shown in Figure 4.1.
Figure 4 .1: Block diagram of Woods MSc instrument
The initial design was for a single channel instrument though this was subsequently upgraded to a two channel 
system to fully meet the needs of the research. The system power requirements were to be supplied by batteries 
as this would help to reduces the electrical risk to the subjects. The input impedance of the instrument was 
designed to be high (>10^ 0 ) in order to minimise the current sourced from the recording site to the 
instrument In an ideal measurement system Vs (the voltage source from the subject) would be exactly equal to 
Vin (the voltage input to the measuring device)- see Figure 4.2. There will be some reduction in the magnitude 
of the signal Vs due to the effect of Zs (body tissue impedance) and in order to minimise the drop in Vs across 
Zs, the ratio of Zin:Zs should be high
Figure 4.2: The effect of tissue impedance on measured potentials 
Where Vs = voltage source, Vin = measured voltage, Zs = body tissue impedance and Zin = instrument input 
impedance
If a 1 %  drop in Vs is acceptable then Vin will need to be 99% of Vs. The value required for Vin can be 
calculated using Equation 4.1.
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v . Zin _rYin = --------------Vs
Zin + Zs
Where: Vin = voltage across input impedance 
Vs = voltage source 
Zin = input impedance 
Zs = source impedance
Equation 4 .1: Method of calculating instrument input impedance
If a 1 %  signal loss is acceptable (i.e. Vin = 99% of Vs) then the ratio of Zin to Zs should be 1:99. Taking a 
typical Zs to be lOOkQ (Venables and Sayer 1963, Brown 1967), then Zin should be at least 9900kO (take as 
10MQ = 1 x 10^0) to achieve this level of accuracy. The amplifier Zin in this instrument is at least 109O and 
therefore the error can be considered to be significantly less than 1 %  with a lOOkO source impedance. Even 
with a source impedance of 10MQ (considered by Wood (1991) to be at the higher end of the range), then with 
an input impedance of 109O there is a maximal error of 1 %  at the input to the preamplifier. A  high input 
impedance also reduces the effects of variation/imbalances in skin-electrode impedances and hence preventing 
severe degradation of common-mode rejection (Ary 1977, Johnson et al 1977).
For measurement accuracy a signal-to-noise ratio of greater than 100 is required (Wood 1991). In order to 
accurately measure an input signal of O.lmV (the specified display resolution), a maximum noise level of lpV  
is allowed. Using an amplifier with common-mode rejection of at least lOOdB means that a common 
interference signal of lOOmV has to exist on both input leads to a single channel simultaneously to swamp the 
signal. In reality this is considered unlikely.
A  fixed precision differential gain of 10 was used in the preamplifier which was designed as a low noise DC  
amplifier with a high common mode rejection (>100dB).
For referencing the subject to the system, a common-mode point in the preamplifier was buffered and connected 
to the shield of the lead containing the two input lines. This was then connected to the subject at the third 
(reference) electrode. The signal was low-pass filtered at a cut-off frequency of less than 5Hz using a 6th order 
Chebyshev type filter.
The instrument was used for some initial system and electrode testing and for pilot subject tests in order to 
establish the magnitude and general behaviour of the differential potentials from the skin surface. On further 
testing, the filter output was found to have a noise component (5mVpk_pk) and an offset that drifted with time 
(in the order of mV) which was comparable in size to the expected signal. Further modification and filter 
design were therefore required alongside the development of a two channel system. A  single channel boxed test 
system with a redesigned filter was available from September 1991. This was further developed to a 2 channel 
system by November 1991.
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4.2.2 Design of 2 Channel System
It was considered essential that for the experimental work, simultaneous two channel recording should he 
available. Differences between the left and right limb signals had been noted from the BSc pilot study and the 
initial testing with the Woods MSc system. These potentials were recorded sequentially (i.e. potentials from the 
right limb recorded for a specified time, then signals from the left limb for an equivalent time). It was not 
possible therefore to determine whether these differences were a physiological phenomenon or associated with 
the time differences between recording sessions. Additionally, a computer interface would be advantageous as it 
would allow rapid and accurate data collection for later analysis (Section 4.2.9).
The modified 2 channel d.c. system thus had a set of requirements which were based on the original single 
channel system but varied in some aspects. The instrument was designed to measure the differential d.c. 
potential between two surface electrodes on the skin with a display resolution of O.lmV as previously. The 
method of referencing the third electrode was to be investigated and the pre-amplifiers were to be housed close 
to the subject in order to reduce the effects of electrical interference. The signal required digitisation and 
appropriate processing to enable the instrument to be interfaced with a computer system for data collection and 
analysis. The electrical characteristics of the two channels needed to be matched as accurately as possible. 
Electrical isolation of the entire system (instrument and computer) to meet the requirements of BS5724 was an 
essential requirement for all subject tests.
The revised system is divided into two main sub-systems: (1) the pick-up and (2) the interface which are shown 
in the general block diagram for the 2 channel instrument in Figure 4.3.
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Figure 4.3 : Block diagram of the revised DC instrument
4.2.3 Development of Pickup system
Hie purpose of the pick-up is to amplify the differential potential close to the subject in order to reduce the 
effects of noise and interference. The signal is then low-pass filtered and the d.c. signal is further amplified to 
reduce the effect of induced noise in the connection leads to the interface system. These elements of the pickup 
stage are considered separately.
4.2.4 Preamplifier
The small amplitude of the signals (probably in the range of ±50mV from the pilot work with the single 
channel system and also from the literature (Becker 1974, Foulds and Barker 1983, Watson 1989, Wood 1991), 
their large source impedance (in the order of lOOKfl- Rosell et al 1988, Brown 1967) and the presence of 
common-mode noise demand that some initial amplification is required close to the electrode site. The general 
specification for the single channel preamplifier was retained.
The amplifier input impedance was calculated to be 2 x lO1 1 ! !  and was measured to be in excess of lO^LL This 
apparent discrepancy was due to a limitation of the measuring device (which was unable to measure impedance 
greater than 10^0). The amplifier has a common mode rejection of >100dB and the gain at this preamplifier 
stage was increased from 10 to 50. The measured noise levels (with inputs shorted to ground) was found to he
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much less than O.lmVp^p^ with a drift rate much lower than O.lmV/hr. The characteristics of the 
preamplifier therefore met the original specification (Section 4.2.1 above).
By connecting the electrodes to the preamplifier by short, shielded twisted leads, approximately 10 cm in 
length, the pick-up of electrostatic and electromagnetic interference is reduced (Thusneyapan and Zahalak 
1989). Microphonic effects generated by movement of the leads are also reduced (Johnson et al 1977, van 
Heuningen et al 1984). With suitable grounding of the preamplifier any interference effects can be further 
reduced.
A  substantial amount of work was done during this development by Wood with regards the referencing system 
which would be most appropriate to the system. The two channel system used a third (reference) electrode 
connected to circuit ground which reduces the common mode voltage and references the subject to circuit 
ground and thereby indirectly to the amplifier inputs. The investigation of referencing systems for biopotential 
amplifiers has been continued by Wood as part of his PhD research.
4.2.5 Filter
A  new filter was used for the two channel pickup stage. The measured skin potential contains both ac and dc 
components. The hypothesis requires that only the dc component is tested, thus the signal needs to be low pass 
filtered at a very low cut off frequency. This removes any ac components, for example EM G signals and mains 
interference. The new filter was a 5th order Butterworth type. The characteristics of this element gave a cut-off 
frequency (-SdBjf^) of 1.4Hz and an output offset of less than O.lmV. This filter has the advantage of offering 
an unbuffered output which introduces a negligible dc offset from the filter when compared with the Chebyshev 
used in the single channel instrument.
The filter alone gives an effective ac cut off at 1.4Hz. The combination of the filter and the buffer give a cut off 
at 0.6Hz. The combination of the preamplifier, filter and buffer gave a measured cut off at 0.74Hz which meets 
the required specification. The filter characteristics were tested extensively by Wood, including tests under 
adverse circumstances (interference) and was found to behave well.
4.2.6 Variable Gain
A  second gain stage (variable) was added to the system in order to further amplify the signal before it is sent to 
the interface unit. The advantage of this second gain stage is that by amplifying the signal, it is effectively less 
susceptible to interference on transmission from the pre-amplifier units (situated close to the subject) to the 
interface unit (up to a meter away). By using a variable gain at this point in the system, there is a second 
advantage in that the range which can reasonably be measured by the pickups can be altered thereby
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maximising the analogue to digital conversion range (Section 4.2.11). By using a higher gain, greater 
resolution is achieved, but at the loss of range. Conversely, using a lower gain allows a greater range but with a 
lower resolution. The magnitude of the recorded potentials from the initial work tended to be in the low mV 
range, typically up to 30mV although higher values had been recorded by Watson (1989) using the multimeter. 
The decision at this time was to use 4 gains, with a maximum range (on the minimum gain) of ±50mV.
The variable amplifier gains are detailed in Table 4.1.
D C GAIN PRE-AM P GAIN O V ER A LL GAIN RAN GE (±mV)
1 50 50 (±0.2%) ±50 !
2 50 100 (±0.5%) ±25
3.6 50 180 (±0.5%) ±13.9
19.2 50 960 (±1.0%) ± 2.6
Table 4 .1: Variable and overall gain stages of the instrument
4.2.7 Summary
A preamplifier (with a gain of 50) measures the differential potential level. The signal is then low-pass filtered 
with an effective cut-off frequency of 0.74Hz followed by a variable gain stage for the d.c, signal before output 
to the interface system.
4.2.8 Interface «
The initial experimental work involved testing a variety of interfaces between the prototype instrument (on 
breadboard) and some type of data collection device. The two earliest devices were firstly, the multimeter 
(Global 1905a with serial output module) used for the BSc experiments and secondly, an X -Y  plotter (BBC 760 
X -Y  Plotter) with good resolution in the mV range.
The multimeter offered an on-board data storage capability, enabling data collection at various rates up to 3Hz, 
but with a limit of 100 data points. The data could be displayed at the end of each test and then recorded 
manually. This was found to be a very time consuming process.
A  second option was to use an X -Y  plotter which could plot the analogue signal (Y axis) against time (X axis). 
The variable record speeds of the plotter enabled very detailed information to be collected for short periods of 
time, whilst at the slowest recording speed, potentials over a period of approximately one hour could be plotted. 
The disadvantages of this approach were threefold. Firstly, the line plot had to be sampled and the values at 
that sample interval recorded manually. The possibility of erroneous data being recorded increases with this 
method. Secondly, the plotter offered no filter and the plot (at high velocity) therefore included any a.c. signal
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components which were picked up by the leads after the pickup stage. The third disadvantage of the X -Y  plotter 
was that the paper used for the plot was held in place by a strong electrostatic field. The prototype instrument at 
this stage was not shielded and some strange glitches were noted from the traces. It was not possible at the early 
stage of the work to know whether these were of physiological or electronic origin. Considerable noise was 
recorded at some sessions and although used for some early electrode tests, the plotter was not considered to be 
particularly useful for the experiments which were to follow.
4.2.9 Rationale for computer based data collection
The use of a computer based data collection system has several advantages over either manual recording or 
transcription from a pen recorder, although there are also some disadvantages which have to be considered. As 
with the development of any research tool, a balance must be reached which does not compromise the integrity 
of the experimentation or the reliability of the data.
The advantages of a computer based data collection system can be summarised:
Increased flexibility 
Increased reliability
Allows a greater practical sampling rate compared with manual recording
Firstly the computer based system offers considerable flexibility for the sampling rate. Although the data must 
he sampled from the instrument in order to pass it to the computer (the main disadvantage of computerisation), 
data can be collected at a sufficiently fast rate to minimise the risk associated with sampling the data. Once the 
data reaches the computer, sampling can be manipulated by the software, enabling sub-sampling at any rate 
equal to or less than the transmit rate. The maximum transmission rate which the 2 channel system is capable 
of working at is 1 1.1H z on each channel. As the pick-up stage filter has a cut-off at 0.74Hz, sampling at 
11.1H z will enable all the information contained in the signal to be analysed (based on a sampling rate of at 
least 2.5 times the maximum frequency of the signal).
The second main advantage of computer data collection is the reliability of the data. Manual recording or 
transcription from a pen recorder plot introduces a potential source of error. Once the computer interface and 
software have been tested to ensure accuracy, there is a smaller risk or error although system failure can lead to 
the loss of all data.
Thirdly, the sample rate using the interface is clearly greater than that which is possible by using manual 
recording techniques. Data collection at 1 1Hz is not possible manually, and to sample this frequently from a 
line plot would be extremely time consuming and technically difficult if the plotter was to be used to record 
from a one hour test session - i.e. at the slowest plot speed..
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The disadvantages of using a computer based collection system are the cost, development time and possible loss 
of signal quality together with restrictions of use in that the system could not provide data without the 
computer. The initial cost, beyond the extra cost of the system development itself was not considered to be a 
limiting factor. An Archimedes 440 computer was available from the early stages of the work, and this was 
later supplemented by the long term loan of a basic portable PC. Following the award of an equipment grant 
from the Physiotherapy Research Foundation, a PC which could be dedicated for use in the work was made 
available.
Loss of signal quality could arise from the sampling rate used by the instrument (see above) and/or the A-D  
conversion (Section 4.2.11). In order to accurately reflect all the signal components, the sample rate must be at 
least 2.5 times greater than the maximum frequency of the signal. The pick-up system filter provides a cut-off 
at less than 1Hz as only the d.c components of the signal were of interest. Instrument sampling of 11.1H z  
should not lead therefore to loss of quality. Some of the experimental work in the earlier stages used a data 
collection rate of 1Hz during prolonged tests. These tests were concerned with the general level of the signal 
and its behaviour rather than detailed analysis of it component parts.
Loss of portability was a disadvantage which was considered, but with the reasonable availability of portable 
computing devices for use in non-lab based tests, this was not thought to constitute a significant problem.
Linking the system to a computer required an additional level of subject protection as the mains powered 
computer could not be directly coupled to a device in contact with the subject. The opto-isolation device 
described in Section 4.2.13 achieved this protection.
4.2.10 Interface Design
The basic choice for interface design was between a dedicated system, for example, using an add-in A-D card, 
or to use an external system and utilise the computer serial port. The latter was chosen for this work in that by 
using the serial port, there was an increased system flexibility as most computers have a serial link which tends 
to be an RS-232 link which is nominally universal. By using a serial interface, the system could be linked to 
most computers once suitable software had been written. A  second advantage to the serial port option is that the 
necessary electrical isolation is easier to implement with a digital signal. With the signal in an analogue 
format, there are linearity problems with the isolation unit which is not be the case for digital signals.
Two basic building blocks were considered for the serial interface - an ACIA or a UART system. The A CIA  is 
the more flexible of the two as it permits the computer software to control aspects of the interface function 
whilst the UART is self contained, requiring no software control from the host computer. The UART system 
was selected as it could be designed and tested with no computer and once set up would enable connection of 
the system to almost all computers with a suitable serial port protocol.
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The circuitry required included an A  to D converter (ADC) which interacts with the UART, a clock to control 
the baud rate of data transmission, an electrical isolation unit as discussed previously and finally a line driver to 
drive the RS-232 interface serial data link to the computer.
4.2.11 A-D Conversion
The conversion of an analogue signal to a serial output in digital form requires an Analogue to Digital 
converter (ADC). This allows the signal to be sent to the computer in a recognisable form. The requirements of 
the ADC were that it should offer an 8 bit conversion with bipolar operation and a maximum error of ±1/2  
LSfk The conversion of an analogue signal to a digital signal which the computer could recognise involves a 
potential loss of data quality. With an 8 bit A-D  system there are 256 possible levels of data which can be 
transmitted. With the instrument set to a gain which provided a recording range of ±50mV, the magnitude of 
one level (LSB) was 0.39mV. Changes of signal magnitude of greater than 0.39mV were needed therefore in 
order to change the transmitted data code. This was a practical compromise of the O.lmV resolution specified 
at the outset of the project. The initial work (TW BSc and DW MSc) suggested that typical subject differential 
potentials would be within the ±50mV range and therefore it was considered a compromise which was 
reasonable. Venables and Sayer (1963) suggest that for the comparison of potentials from the same site on the 
same subject, it is expected that errors can be kept below 0.4mV, although when comparing potentials from 
different subjects or from the same subject on different occasions, it is possible that lm V would be a more 
realistic value due to the difficulty in absolute accuracy in electrode placement. These comments were made in 
relation to a transcutaneous potential measurement system which was using state of the art technology and may 
not therefore be directly transferable to the current differential surface potential recording system developed 
some 30 years later.
With the output of the ADC providing 256 levels, the input range for each gain stage can be divided by 256 to 
give the resolution of 1 LSB. Alternatively, the resolution can be calculated by using the gain such that:
2 5 0 0
Resolution (1 LSB) = ----------------------------- mV Equation 4.2
Overall gam x 128
The resolution of 1 LSB at each gain stage is detailed in Table 4.2
LSB tile least significant bit -  the bit that carries the lowest value or weight
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Variable
Gain
Overall
Gain
Range
(mV)
Resolution
(mV)
1 50 ±50 0.39
2 100 ±25 0.2
3.6 180 ±13.9 0.11
19.2 960 ±2.6 0.02
Table 4.2: Instrument gain, range and resolution levels
For the early tests involving measurement and analysis of system offset levels and electrode potentials, maximal 
gain was used, giving a single LSB resolution of 0.02mV which was clearly more appropriate to the test
One early issue was whether to use unipolar or bipolar ADC operation. The decision was made to use a 
unipolar operation based on both cost and accuracy. This required the conversion of a bipolar signal to a 
unipolar signal. This was achieved by introducing a 2.5V level shift to the input voltage, thus making the input 
range to the ADC unit 0 to 5V (Figure 4.4).
Figure 4.4 : Input to and output from the A-D conversion
The addition of the level shift results in an input signal to the pre-amp of OmV being sent to the ADC as 2.5V 
and similarly a +50mV signal at source will be sent to the ADC as 5V (having been subjected to a gain of x50 
plus a 2.5V level shift), thus making +5V.
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4.2.12 Transmission Circuit:
The transmitter has no microprocessor control and must convert the parallel data into serial form and add start, 
parity and stop bits. The transmitter used accepts parallel data, formats it and transmits it in a serial format as 
shown in Figure 4.5. The format is set to an 8-bit word, with even parity and one stop bit This format is 
acceptable to the Archimedes 440 computer, which was to be initially used for data collection/analysis but 
which should also be acceptable to most computers with a ’standard' serial (RS-232) interface.
START
LSB MSB PARITY
' i * ✓N * i , STOP
* , ' '
» \ 1 t * *
'  1 i ' ' *
N
V N ' 1
**
DATA BITS
Figure 4.5: Serial Data Format
The transmission circuits are designed to send data at 9600 baud, with each 'word' taking approximately 
1.14ms to send. Four transmission rates were made available to enable data collection rates to be varied from 
the hardware, minimising software sampling complexities. The selected rates are nominally 1,3 , 5, and 10Hz. 
On testing the actual transmission rates varies slightly from these values, giving 
1.1  Hz 3.4 Hz
5.7 Hz 11,1H z
With the two channel transmission, the timing circuit was modified so that the 8 bit 'words' from the left and 
right channels could easily be recognised by the software. With an equally spaced transmission, it would be 
more difficult for the software to recognise whether a particular 'word' originated from Channel 1 (Left) or 2 
(Right). By introducing an unequal gap between the signals this was made much easier (see Section 4.3). The 
design of the timing circuit ensured that the data conversion times and data transmit times were synchronised. 
A  schematic representation of the timing signal systems is shown in Figure 4.6.
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CH-1 (Left) CH-2 (Right) CH-1 (Left) CH-2 (Right)
2 Channel timing pulses at equal Intervals
CH-1 CH-2 CH-1 CH-2 CH-1 CH-2■ t '
i  < 1
i i '
, i
• S '  'I*--- ► '
2 Channel timing pulses at unequal Intervals
Figure 4.6 : Schematic representation of the data conversion and transmission timing signals
The value of S remains constant at approximately 8ms, and it is the longer gap T  which changes duration 
depending on the sampling rate detailed in Table 4.2.
Frequency of data (Hz) Value of T  (sec)
1.1 0.9
3.4 0.3
5.7 0.2
11.1 0.1
Table 4.2: Values of T intervals between signal pairs on transmission 
4.2.13 Electrical Isolation and RS-232 Line Driver
For subject safety a level of electrical isolation between the interface and pick-up system, which is battery 
powered, and the computer, powered by the mains, is required. Details of the required isolation were taken 
from BS5724 which is the British Standard for Medical Electrical Equipment.
The isolation included in the MSc system was not suitable for the revised system as it was designed for use with 
analogue signals. The current demands are for an isolation of digital signals and therefore an opto-isolator can
Page 4.15
Chapter 4
be used which costs less, occupies less space and offers greater immunity to noise with no linearity problems 
which can be encountered with the isolation of analogue signals. The chip used (Texas Instruments 6N137) 
offers isolation at a rate sufficient to allow data transmission at a baud rate of 9600 and can provide protection 
of 2500V a.c. and 3000V d.c. which meets the electrical safety standards.
The line driver is the final section of the interface system. It is required to convert the 0-5V signal levels to the 
RS-232 standard of ±5V to ±12V. The line driver followed the isolation unit and delivers the output from the 
instrument to the computer serial port.
The ‘word’ received at the computer serial port was in A SCII format and the data collection/analysis software 
routines used a conversion formula to convert the A SCII code to its representative voltage. The conversion 
formula was:
mV = ((ASCII x 19.65)-2489)/Overall Gain Equation 4.3
For example, an ASCII code of 127 is the closest to zero mV. The OmV potential recorded by the pre-amp is 
subjected to an initial gain of 50, followed by a variable gain (typically of 1 for most subject tests), sent to the 
ADC where the 127 code is allocated. This code is sent to the serial port of the computer from where it is 
retrieved by the data collection software. Conversion of code 127 to the representative potential using the 
formula above gives a value of 0.13mV. The discrepancy is due to the analogue to digital conversion which, 
due to the limited number of available codes, must result in a degree of data accuracy loss. For the purposes of 
this study, and working with potentials in the ±50mV range, the typical working resolution of the instrument 
was 0.4mV, thus the potential recorded at the computer would be within ±0.2mV of the signal recorded at the 
pre-amplifier input.
4.2.14 Modification of the 2 Channel System
During the course of the pilot tests and the subject tests proper, the instrument was repeatedly checked for 
accuracy and was modified accordingly. A  full chronology of the development and experimental work is 
presented in Appendix B.
Two modifications were made to the instrument during subject tests. Firstly, during the A  Series tests (Chapter 
8) a lead fault resulted in spurious signals. These were recognised as such, but at that time a thorough check of 
the gain stages and filter resulted in a slight adjustment of the variable gain such that the conversion factor 
used in the software required modification (from 19.34 to 19.65). The reliability of the results for the tests in 
the A  Series before this adjustment were not compromised.
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The second, and the more significant modification was made during the B Series tests (Chapter 9). One subject 
attended a few hours following injury and when the medial and lateral potentials were recorded, the signal was 
beyond the maximal 50mV. The system operation and calibration was checked at the time and again 
immediately afterwards and found to be satisfactory. Following discussion with Wood, it was decided to reduce 
the pre-amp gain from 50 to 10, and to combine this with a modified variable gain such that a range of ±50mV 
could still be used with the same resolution as previously (for the sake of continuity), but that in addition, a 
larger range with lower resolution would be available should it be required. Table 4.3 provides the details of the 
new gain stages (from 30th April 1993).
Variable Gain Overall Gain Range (mV) Resolution (mV)
1.0 10 ±250 1.95
2.4 24 +104 0.81
4.9 49 ±51 0.40
10,0 100 ±25 0.20
Table 4.3 : Gain, range and resolution values following April 1993 instrument modification
Tests after this date continued to use the ±50mV range as routine, giving the same resolution of 0.4mV. If a 
larger range was required, a rapid alteration of the variable gain could be effected to give up to ±250mV. The 
data collection and analysis programmes were modified to take account of the new gain stage settings, thereby 
ensuring accurate conversion of the transmitted code to mV value.
4.2.15 Summary of 2 Channel System
The final two channel instrument provided a pair of matched pre-amplifiers which could be located close to the 
subject. A  fixed initial gain of 50 (later reduced to 10) served to reduce the effect of noise on the signal. The 
signals were then sent through a low pass filter with an effective cut off at 0.74Hz, thus eliminating any ac 
signal (whether physiological or electrical interference). The variable gain stage offers four gains, enabling 
maximal use to be made of the ADC conversion scale. The signals are multiplexed and following a level shift, 
are converted from an analogue to digital form. An optoisolation unit ensures that there is minimal risk of 
electric shock from the computer system. Finally, the signals from both channels are sent to the serial port of 
the computer for storage and analysis.
A  block diagram of the final 2 channel instrument is shown in Figure 4.7.
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GA|N low p a s s  
X 50 f i l t e r
O PTO -I SO  LATOR
Figure 4.7 : Block diagram for the 2 channel instrument 
4.3 Software Development
The development of custom software was regarded as an integral part of the research. By using the serial (RS- 
232) interface, standard software components could be written which (on translation) could be used by most 
computer systems with this type of interface. Although the Archimedes and PC both use versions of BASIC, 
some conversion work was necessary as there were differences in the syntax of the languages. The move from 
Archimedes to PC was felt to be advantageous in that it opened up a range of commercial software for more 
detailed data analysis which was not readily available for the Archimedes computer. The disadvantages of this 
move was that there were software limitations regarding the addressable memory of the PC using BASIC, 
requiring further software modifications.
4.3.1 Overview of Software Development
The data collection and analysis software was developed alongside the instrumentation and change of computer 
use. The programmes tend to follow a similar pattern, but take account of the changing needs of the 
experimentation and type of data collected.
The initial system used the single channel instrument, passing the signal to the commercial multimeter, and 
thence onto the Archimedes computer.(April 91 - May 91)
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Once the integral interface was completed, the multimeter was no longer required, and the digitised signal was 
passed directly to the Archimedes, though still only using a single channel, (May 91 - Nov 91)
The completion of the two channel instrument required further changes in the software, still using the 
Archimedes computer. (Nov 91 - May 92)
The change from the Archimedes computer to the PC system necessitated a re-write of all software routines 
(May 92).
The instrument was modified during the non-injured subject tests with consequent alteration of the data 
collection and analysis programmes (Apr 93X
The hospital based subject tests involved the use of a portable PC with further modifications of the software 
(M y 93),
A  more detailed development and experimental chronology appears in Appendix B .
Within each of these sections, several programmes were written as minor instrument modifications and 
protocol adjustments were made. During some test periods, there were separate programmes for data collection 
at the slow and fast rates, usually with a common analysis programme. Some routines were found to work well 
for normal data collection, but when the same software was used for stress testing for example, data corruption 
occurred due to the low A SCII codes sent via the serial link to the computer. When these problems occurred, 
changes in the software collection or data saving routines were necessitated.
In total, at least 50 different programmes were used for data collection and analysis between April 1991 and 
M y 1993. A ll programmes were based on common core elements usually with relatively minor modifications. 
The overall plan for each type of programme (data collection and data analysis) is shown in Figures 4.8 and 
4.9. These are software block diagrams rather than fully detailed flow diagrams as they are provided to 
illustrate the principles involved rather than the detailed programme structure.
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Figure 4.8 : Principles of data collection software 
Set up serial port
Including Subject Code, Test Code, Time and 
Date, Gain Settings and Data Transmit Rate
Number of arrays varies with computer system 
(Archimedes or PC) and whether single or dual 
channel data collection routine
Ensure input buffer in empty at the beginning of 
the test so that data is collected accurately from the 
start of the test, not from previously transmitted 
data
When two channel system is used, routine for 
ensuring that left and right data can be accurately 
identified
Main data collection loop. Number of data 
elements collected depends on time required for 
particular test and the data transmission rate
Data save to disc in an appropriate format. This 
was changed several times during the development 
to minimise file size and to improve accuracy of 
saved data
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Figure 4.9: Principles of Data Analysis Programme
The graphics menu option displayed a full screen plot of the data with auto-scaling for both the time (X) and 
magnitude (Y) axes. The plot could be dumped to the printer if required.
The statistics routine provided summary statistics of the data including mean, standard deviation, sum, sum of 
squares and all test codes. The summary statistics and file information could be sent to the printer.
The data dump facility enabled a hard copy of the data to be sent to either the screen or the printer. In addition, 
the data could be sampled so that, for example, one data point in 10 could be sent as a backup without the need
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for printing sheets of numbers. This facility was used in the early work whilst the software was still under 
development in order to check the accuracy of the statistics and to provide a backup should the software fail.
The file conversion routines were used for the PC based programmes to enable easy transfer of the data to the 
commercial analysis packages (e.g. spreadsheet). The Archimedes programmes did not include this facility as 
an integral part of the analysis programme, but there was a facility to transfer the data from the Archimedes 
format to the PC format using a commercial routine in combination with a custom piece of software. Hence, 
with the early tests, it was possible to use the more powerful software based on the PC even when the 
experimental data was collected on the Archimedes system.
Detailed software block diagrams and listings for the programmes used in the main subject trials are included 
in Appendix C.
4.3.2 Interface with Archimedes computer
The initial interface of the prototype measurement system with a computer system was carried out before the A - 
D conversion unit and RS232 serial link had been developed. The output from the pick up stage was connected 
to the high input impedance facility of the multimeter, and the data from the meter was relayed to the 
Archimedes 440 computer via the serial port The maximum data sample rate using these connections was 3Hz 
and the user could select a data collection rate slower than this if required (software controlled). If a sample rate 
of less than 3Hz was selected, the unwanted data received by the computer was sent to a dummy variable to 
ensure that the data recorded for the specified time interval was 'real time' data. The sample data was sent to an 
array in the complex format determined by the serial protocol of the meter. For example, a reading from the 
meter of -10.7m V would be sent to the computer in an 11 digit string (10 characters plus a carriage return) in 
the following format:
R/-/1/0/./7/SP/SP/SP/SP/CR
Where:
R  = real time data 
SP = space 
C R =  carriage return
The non numerical characters were stripped from the string and converted to a real number with the 
appropriate + or - sign. This was saved to a second array before being displayed graphically on screen in order 
to get an overall view of the signal magnitude and variability. The data was saved to a disc file together with 
the date, sample rate and test codes. This data file could be recalled with a second programme which read the 
data to an array, produced a graph for the data against time, and then calculated the sample statistics (sample
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size, mean, standard deviation, variance, sum of data points and sum of squares for the data). The user could 
print this statistical summary and could also print or view the data on screen. A  further option was included in 
this early software which enabled the calculation of the statistics from a subset of the whole data e.g. based on 
one reading in every 10, and similarly, the data display/printout option also included subsampling.
The results of the statistics calculations were checked against manual calculations on the same data and were 
found to be accurate to at least 3 decimal places. This process was repeated when the statistics routines were 
translated to the PC software (see below) and once again found to be accurate.
As an example, one of the early electrode stabilisation and offset tests from April 1991 (Test T00S-2) was 
conducted for 30 minutes with data collected at 1 reading per second. Hie statistics provided by the data 
recovery programme (REC20E) based on a subsample of 1 reading in 60 (i.e. 1 per minute) can be compared 
with the same statistics using the calculator as detailed in Table 4.3 (Test T00S-2 on 9th April 1991):
STA TISTIC COM PUTER
CA LCU LA TIO N
CA LCU LA TO R
N 30 30
Mean - 0.1353 - 0.1353
Standard Deviation 0.0247 0.0247
Sum (Ex) -4.060 -4.060
Sum of Squares (Ex2) 0.5678 0.5678
Table 4.3 : Summary statistics from test T00S-2 comparing computer and calculator results.
The results from the computer can be displayed with more decimal places, but it was decided that 3 decimal 
places was sufficient for analysis. The data from the first test series were all checked against the calculator 
results to minimise the risk of bugs in the statistics software.
With the development of the integral instrument interface, the multimeter was no longer required to act as an 
'intermediary' between the instrument and the computer. The software required some modification to 
accommodate the altered RS232 protocol and settings (Section 4.2), though the principles of the software 
design were the same. At this stage of the research, the instrument still only provided a single channel. The 
data recovery programme used for the multimeter routines was also used with the new data collection routines.
The development of the two channel instrument with its asynchronous timing for Channels 1 and 2 required 
further software modifications. In addition to the need for two data arrays (one for each channel) the most 
important change was the need for a channel synchronisation routine. It was decided that the left and right data 
should be placed in separate arrays as it was input to the computer rather than leaving this to a later process. In 
order to do this with accuracy, a subroutine has to be written to establish which channel the data belonged to by 
virtue of the gaps between the words (see Section 4.2.12). The transmission control function in the interface 
unit had been designed to send the left (Channel 1) word, rapidly followed by the right (Channel 2) word, and
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then to leave a relatively long gap before the next left word. The channel checking routine therefore looked for 
this long gap, and once it had been found, went into the data collection routine proper. By using this technique, 
it was known that the next data word to arrive would be from the left (Channel 1). Several versions of the 
checking routine were tested before the most reliable method was found. The data recovery routines were 
modified for two channel statistics and graphics. These programmes were written to collect data at 1H z and 
were later modified to enable faster data collection (at up to 11.1H z).
Archimedes Software Summary:
The initial software for the Archimedes computer was written to collect data from the commercial multimeter. 
This enabled some initial testing from the single channel instrument while the interface was being developed. 
This software was refined and used with the single channel Systran with integral interface unit The last 
development for the Archimedes was to develop the routines again to enable data collection from the two 
channel system at the 11.1H z transmission rate. At each stage, a data collection programme and a data analysis 
programme were written and repeatedly checked for accuracy. Table 4.4 shows examples of the programmes 
used at each stage:
SYSTEM DATA CO LLECTIO N  
SOFTW ARE
DATA AN ALYSIS  
SOFTW ARE
Multimeter METMET10 REC20E
Single channel system INPUT 14 and 15 REC20E
Dual channel system MOND25 RECO V12
Table 4.4 : Main programmes used with the Archimedes computer during the early stages of the research. 
4.3.3 Redevelopment to PC
The transfer of the software from the Archimedes to the PC in May 1992 involved translating the programmes 
from BBC Basic to Turbo Basic. Turbo Basic is one of many versions of BASIC for use on the PC, with the 
advantage that it can be compiled and therefore runs faster than some other versions. It was anticipated that the 
translation would be straightforward, but there were several significant problems which were encountered. 
Firstly, there are several commands available in BBC Basic which simply carry out complex functions, and 
these were not available in Turbo Basic. For example, the commands to change the input stream from the 
keyboard to the serial data port and flush the serial input buffer are single commands in BBC basic. There is no 
equivalent command in Turbo Basic and separate subroutines had to be written and tested. More importantly, 
the memory for data storage available to the programme presented some limitations on the PC. The 
Archimedes had a 4Mb memory (RAM) and the PC, an 8Mb memory which was considered to be sufficient. 
The problem with the PC memory, although more extensive, was that it did not appeal- to be directly
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addressable by the BASIC programme from within DOS. This limited the data storage to the first 640Kb, 
which also had to include the programme itself. The initial solution was to store the incoming data as an A SCII 
code which occupied less space and to use the data recovery programme to convert the code to its equivalent 
number. This appeared to work quite well and enabled sufficient data to be collected, but in some of the later 
tests (A Series retests and stress tests), the ASCII codes used caused the system to crash or hang up and 
alternatives had to be identified. In the modified version of the software (COLLECT2), the incoming data is 
converted to an integer value which is sent to the array and later saved to disc. The data retrieval and analysis 
programme (RETR-7) reads the integer value from the disc, converts it to a millivoltage based on the ADC  
equation (Section 4.2.11) and uses this value in the statistics and graphics calculations. This solution uses more 
memory than saving the data in its original A SCII code form, but avoids the associated system crash problems.
The detailed block diagrams and full listings for programmes CO LLECT2 and RETR-7 are included in 
Appendix C.
The PC was used for all the main subject trials and a significant number of the system and environmental tests. 
The software was modified when minor changes were made to the pre-amplifier gain stages (Section 4.2.14), 
but the essentials of data collection and analysis programmes remain constant. Most importantly, equivalent 
data conversion routines were used throughout so that data collected or analysed by any of the programmes 
gave identical numerical results.
4.3.4 Data Transfer to Commercial Software
The data retrieval programmes (COMB33C/E and RETR-7) offered the capability to format the data for easy 
transfer to commercial packages for graphing, statistics and analysis. Microsoft Excel Versions 4 and 5 and 
Unistat 4.0 were the main software packages used in this context.
4.4 Summary
The early part of the project was taken up with the development of a dedicated instrument which would meet 
the needs of the work, enabling 2 channel recording of a differential potential from the skin surface. The 
instrument was designed to interface with a computer system to enable data collection and analysis. The 
software required for the project was custom written by the author and versions were produced for both 
Archimedes and PC based systems. Although much of the technical development work for the instrument itself 
was carried out by Wood, both as part of his MSc and then his PhD work, the author was involved in the 
development and testing throughout the process. The software development work was undertaken solely by the 
author.
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5. Subject Interface and System Evaluation
In addition to the electronic elements of the system described in the previous chapter, the interface between the 
instrument and the body is an important element of the measurement system. The electrodes, leads and 
associated connections were selected to provide an efficient and readily usable interface for the subject based 
tests. Any measurement system can be improved with higher performance components, but the restrictions of 
time, availability and cost impose significant restraints. The individual components of the interface were 
selected in order to provide a quality performance within these restrictions. Following the development of the 
subject interface, the system was rechecked and its performance evaluated.
5.1 Electrodes
The conduction of an electric current through living tissue is purely electrolytic. The moving charges are not 
electrons, but consist of positive and negative ions, and therefore a current can not flow through the tissues 
unless material is actually transported (Dewhurst 1976). To connect a metallic conducting system to an 
electrolytic system requires a specific interface to enable conversion from one current prom to the other.
Efficient measurement of electrolytic (tissue) potentials requires their conversion to electrical potentials 
(Cromwell et al 1980). The change from ionic to electronic conduction that occurs at the electrode-electrolyte 
interface can be regarded as a process of energy conversion, and as a result, the biopotential electrode can be 
considered to act as a transducer (Cobbald 1974). The behaviour of this interface is far from simple, especially 
when considering ac signals. Even with dc signals there are several important factors which have to be 
considered when selecting an electrode type.
O'Connell et al (1960) suggest that "...ideally, electrodes ought to be pure sensor devices which introduce no 
artefact into the system to be investigated." When considering potentials recorded from the skin surface, the 
pure sensory device is unlikely to exist as the contact between an electrode plus electrolyte and the skin surface 
influences the generator mechanism of the potential (Section 2.1). The electrode electrolyte has to interact with 
the skin to some extent in order for the ionic currents to be converted to electronic potentials and a minimal 
interaction is therefore inevitable.
The interface of metallic ions in solution with their associated salt ions results in an electrical potential (the 
electrode potential). This potential arises as a result of the difference of diffusion rates of ions into and out of 
the metal. Equilibrium is produced by the formation of a layer of charge at the interface. This is a double layer, 
with the layer nearest the metal being one polarity and the layer next to the electrolyte being of opposite 
polarity (Geddes and Baker 1975, Geddes 1972, Cromwell et al 1980, Cobbald 1974). The reactions that occur 
at this double layer are complex (Geddes 1972), but essentially, the magnitude of the electronic potential is
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proportional to the exchange of ions between the metal and the electrolytes of the body. The voltage developed 
at the electrode/electrolyte interface is designated the half cell potential and the total voltage between a pair of 
electrode terminals is therefore the difference in the two half cell potentials (Cromwell et al 1980).
The potential recorded between a pair of electrodes applied to a subject will have several origins and the 
magnitude of each may be difficult to establish accurately in a particular situation (Geddes 1972). In addition to 
the physiological potentials, artefactual potentials from the electrodes can arise and need to be minimised in 
order to gain the purest signal possible from the subject Careful selection of electrodes significantly reduces the 
non-physiological electrical signals.
There are many different types of surface electrode which can be used for recording electrodermal phenomena, 
and a wealth of detailed technical research has been published which considers the mechanisms, problems and 
uses of these electrodes (Cobbald 1974, Ferris 1983, Cromwell et al 1980, Grings 1974, Geddes and Baker 
1975, Geddes 1972, Grassie 1980). Of the numerous types of metal electrodes used for recording electrodermal 
phenomena, silver - silver chloride (Ag/AgCl) electrodes are preferred (Ferris 1983, Cromwell et al 1980, 
Geddes and Baker 1975, Grassie 1980, Tam and Webster 1977). This has been confirmed in many studies by 
those cited above and in addition by Lykken (1959), O'Connell et al (1960) and Grings (1974).
If Ag/AgCl electrodes are preferable in terms of their sensitivity and transducer characteristics, there is a basic 
choice between commercial and custom made electrodes. Many research groups investigating electrodermal 
phenomena use custom made electrodes, but a careful consideration of the construction processes and 
maintenance involved suggested that if sufficiently high specification commercial electrodes could be found, 
they would be preferable for two main reasons. Firstly, the equipment, skills and facilities for making and 
storing electrodes of sufficiently high quality were not readily available. Additionally, the electrodes would 
need to be used and stored in various test locations which made this option less practical. Secondly, for the 
measurement system to be clinically useful, the electrodes would need to be robust and easily used. If 
commercial electrodes could be found which met the specifications, their use in the clinical setting would 
present less of a problem.
The factors which govern the suitability of Ag/AgCl electrodes for the current work were considered from the 
literature thus enabling the most important factors to be determined before a choice was made. Each major 
issue is briefly considered below :
5.1.1 Electrode Offset Potentials
Slight differences in metallurgy between otherwise identical metal electrodes can produce voltage differences in 
the absence of physiological input (Ferris 1983, Cromwell et al 1980, Geddes 1972, Geddes and Baker 1975,
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Cobbald 1974). This dc voltage difference is referred to by several names, most commonly the Electrode Offset 
Voltage or the Offset Potential.
From the experimental results obtained by these workers, using apparently identical pairs of Ag/AgCl 
electrodes, the offset potential was typically found to be a few mV, though results range from O.lmV to lOmV 
or more depending on the specific electrode type. Cobbald (1974) suggests that commercial ECG  electrodes 
may have offset potentials of several 10’s of millivolts, even up to lOOmV which would be unacceptable for the 
current research where baseline, low level dc potentials are of interest
Geddes (1972) suggests that the best way to minimise the electrode offset is to use electrodes of an identical 
metal, and to use the same electrolyte for both electrodes. Even under these circumstances, a small offset 
potential is likely due to minor metallurgical differences and variation in surface contamination. The only 
documented standard specified which relates to the characteristics of commercial Ag/AgCl skin surface 
electrodes is the American National Standard set out by the AAMI (Association for the Advancement of 
Medical Instrumentation) in 1984. The specification for Pregelled EC G  Disposable Electrodes is a voluntary 
code, but manufacturers in most countries appear to use it as a baseline specification (AAMI 1984). The 
electrodes being considered for this work are pre-gelled EC G  type electrodes and the AAM I standard was 
therefore investigated (AAMI 1984). The DC offset voltage element of the standard has a minimum 
requirement that "..A pair of electrodes connected gel to gel shall, after a 1 minute stabilisation period, exhibit 
an offset voltage of no more than lOOmV." This is acceptable for EC G  work as the signals of interest are ac and 
the baseline magnitude is not of primary interest. BCG machines will remove a stable dc offset, leaving the ac 
component. When measuring the baseline (tonic) dc potential from the skin, a dc offset voltage from the 
electrodes of lOOmV would probably swamp the signal of interest, and therefore the AAM I standard was of no 
direct use as a guide to electrode selection. The standard does however specify the method for measuring the 
offset which was adopted in the electrode tests (Section 5.3). The remaining standards in the AAM I code all 
relate to ac signals, specifically to EC G  signals (defibrillation overload recovery, ac impedance and noise in the 
EC G  pass band) and are therefore of no direct relevance to the proposed research.
In considering the electrode characteristics which would be appropriate to the current research programme, it 
was decided that the electrodes which offered the lowest possible dc offset would be preferable if these 
combined with sufficiently high stability and low drift rates (i.e. the change in offset potential with time) over a 
period appropriate to the subject tests (approximately 1 hour). It was anticipated that electrodes with a dc offset 
of less than lm V would be acceptable, and preferably, with offsets of less than 1 LSB when the instrument was 
used with a gain giving an input range of ±50mV (i.e. 0.4mV). If the combined offset and drift could be kept to 
within 1 LSB for the duration of the test, the electrodes would be seriously considered.
The time taken to stabilise (which appears to vary between a 'few minutes' (Grassie 1980) through to 15 
minutes (Geddes and Baker 1975)) was also considered to be an important factor as the longer it takes to
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achieve a stable offset, the greater the time it would take to complete the subject tests. Stabilisation was tested 
both in the laboratory with the electrodes face to face and also when in contact with the subject
5.1.2 Electrode Noise
'Noise' may develop at the electrodes due to chemical activity that takes place at the interface, and can be 
considered to be a voltage fluctuation that occurs without physiological input. It has been shown that this noise 
can be reduced by coating the electrodes using electrolysis which results in improved stability (Geddes 1972).
In this respect, Ag/AgCl electrodes (which have a thin silver chloride coating on the free metallic surface), 
have been shown to be particularly stable and resistant to noise (Cromwell et al 1980, Ferris 1983, Geddes 
1972). In addition to the increased stability and low noise levels, coated electrodes have also been shown to 
offer lower impedance (Geddes 1972).
Commercial electrodes which have been coated with silver chloride during production are likely to be subjected 
to a more intense quality control than would be possible with the facilities available in the department or the 
clinical locations. Custom made silver electrodes without the electrolytic coating would be more susceptible to 
arfcefactual noise and instability.
The interface between the metal of the electrode is separated from the subject firstly by a thin coating of sliver 
chloride, then by the electrolyte. The electrolyte should employ ions compatible with those of the skin (mainly 
associated with sweat) (Section 5.2). The silver chloride is almost, but not quite insoluble in the electrolyte and 
there will be a small but finite amount of silver in solution (Dewhurst 1976, Geddes 1972). The interface with 
an appropriate combination of metal, coating and electrolyte is therefore able to perform optimally.
5.1.3 Electrode Polarisation
The electrode potentials are varied by an effect known as polarisation. There are two basic forms of polarisation 
(AC and DC) of which only the DC form is relevant to this study. It is the result of direct current passing 
through the metal - electrolyte interface. It is usually a fairly constant DC voltage and the common method of 
controlling this variable is to ensure that the amplifier (or measuring system) input impedance is extremely 
high, the effect of which is to minimise the current drawn from the skin (Ferris 1983, Cromwell et al 1980). 
The pick up stage input impedance (Section 4.2.4) was specifically designed to be very high to minimise 
polarisation effects in addition to limiting the interaction between the measurement system and the skin 
potential generators.
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5.1.4 Motion Artefact
Motion (or movement) artefacts are relatively large («5mV) potentials which arise as a direct consequence of 
electrode motion. Many investigators have found that much of the motion artefact encountered when a metallic 
electrode is in direct contact with tissue is reduced by moving the metal a short distance from the tissue and 
bridging the intervening gap with an electrode jelly or paste (Geddes 1972, Cobbald 1974). By doing this, the 
electrode double layer of charge is protected from mechanical displacement and the electrolyte bridge provides 
a flexible electrical communication between the skin and the electrode. Floating or recessed electrodes use this 
design and are therefore suitable for the current work. Although the subject should remain stationary whilst 
being tested, it was considered prudent to select recessed electrodes in order to protect against the unavoidable 
small movements that would occur.
5.1.5 Electrode Attachment
Grings (1974) suggests that by using an adhesive collar to attach the electrode to the subject, the electrode 
contact area, the moisture level of the electrolyte, and the pressure of the contact are all kept constant. It was 
felt that the use of self adhesive electrodes would help in this respect
5.1.6 Electrode Summary
From the literature reviewed, Ag/AgCl electrodes should offer the best combination of low offset potentials and 
drift, low noise and relative immunity to motion artefact Commercial EC G  electrodes which meet the offset 
and drift specification would have the advantage of being pre-gelled, self adhesive, are easy to use and store. 
The remaining constraint was that of cost as it was estimated that a minimum 2500 would be required over the 
course of the pilot and main subject tests.
Wood (1990) had tested several electrode types and found that of those tested, Cambmac EC G  electrodes 
(Ag/AgCl) appeared to offer the best characteristics in terms of the requirements of current research (available 
from Medicotest U K  Ltd, St Ives, Cambridgeshire). Watson (1989) had also used commercial Ag/AgCl ECG  
electrodes (3M Red Dot, 3M Health Care, Loughborough, Leics)) which had been found to offer lower offset 
and drift than several other makes considered.
Using the previous electrode investigations (Wood and Watson) as the basis for making a selection, the 
Cambmac and 3M Red dot electrodes were tested and the results compared to determine which electrode would 
provide the best overall characteristics.
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5.2 Electrolyte
It has been clearly demonstrated that the measured skin potential varies when different electrode electrolytes 
are adopted. The ions available together with their concentration and the effects o f the electrolyte on epidermal 
hydration can amplify or reduce the measured potential (Christie and Venables 1971a,b, Fowles and Schneider 
1978, Fowles et al 1981, Schneider and Fowles 1978, Venables and Sayer 1963).
The vast majority o f the published work in this Field relates specifically to the measurement of the 
transcutaneous skin potential level (SPL) and responses (SPR). No mention is made o f using skin surface 
potentials as is proposed in the present study
When recording the ECG, it has been suggested that the electrode and electrolyte simply act as conductors for 
the internally generated voltage and that changing the concentration of the electrolyte produces no change in 
the amplitude of the ECG. The high concentration of ions in the electrolyte facilitates good conduction with 
low noise levels, thus commercial ECG electrode pastes tend to he based on hypertonic ion concentrations 
(Venables and Sayer 1963).
If the skin is considered to behave as a semi permeable membrane (Section 2.1), then potentials generated
dermal and
within the^dermal tissues will be affected by the nature o f the external electrolyte. Whether one considers the 
basal skin potential level (BSPL), reflecting the non sudorific aspect o f skin potential generation or the skin 
potential level (SPL), essentially reflecting the intensity o f the sweat gland activity (Section 2.1.2), a significant 
part o f the potential is generated within the dermal and epidermal tissues and thus the nature o f the external 
electrolyte warrants attention.
Venbales and Sayer (1963) showed that the relationship between SPL and psychological arousal was affected by 
the electrolyte used. It was shown that using a KC1 based electrolyte at 0.5% strength provided an evenly 
distributed range of potentials whereas with concentrations greater and lower than 0.5% gave a skewed 
distribution.
Christie and Venables determined the optimum ionic composition of recording electrolyte for BSPL 
measurement (i.e. under quiescent conditions) (Section 2.1.3) and concluded that rather than the 0.5% KC1 
(67mEq/l) electrolyte proposed by Venables and Sayer, a more suitable concentration would be 40mEq/l. This 
was based on the ratio of external to internal ion concentration. They went on to establish that a concentration 
of 80mEq/l NaCl would offer a similar ratio for BSPL recording (based on the same internal/external ratio 
rather than on absolute values).
Fowles and Schneider (1978) investigated the use of different type of electrode electrolyte in connection with 
palmar skin potential levels. As in the previous work, it was the transcutaneous potential using an abraded 
forearm site and active palmar site(s) that was being considered.
Page 5.6
Chapter 5
y
Vested
Four different electrolytes were^and it was hypothesised that if the degree o f epidermal hydration was altered 
by the external electrolyte, both the SPL and the skin potential responses (SPR's) would be altered.
The electrolytes used were:
1) polyethylene glycol (allowing minimal epidermal hydration) with 5% KC1, giving a final electrolyte
concentration o f 0.5% KC1 which was applied 15 minutes prior to the electrodes.
2) Unibase (a commercial cream base) with 1.5% KC1 giving a final electrolyte concentration of 0.05% KC1.
3) Fresh agar (2% agar + 0.5% KC1 as used by Venables and Sayer 1963)
4) Hydrated agar: same electrolyte as used in (3) above, but applied following 15 minute soaking of the skin
with distilled water which has been shown to ensure a considerable degree o f epidermal hydration.
Although primarily interested in the skin potential responses (i.e. the phasic changes in the measured skin 
potential), the experimental technique demanded that a reference or baseline (pre stimulus) level was 
established.
The results established (in concurrence with others cited by the authors) that pre-stimulus skin potential levels 
were significantly affected by the electrolyte used. The authors conclude that in general, epidermal hydration 
has a profound effect on skin potential measurements and that it does not take much hydration to produce this 
effect It is suggested that hydration effectively reduces the resistance of the comeum and will cause a reduction 
in the potential as measured with surface electrodes (after Edelberg 1968) and that the functions o f the dermal 
and epidermal membrane generators were altered by blocking the sweat gland pore. It is concluded that both 
the agar and Unibase electrolytes substantially alter the functioning of the sweat glands under some conditions 
and that neither may by entirely suitable for skin potential measurements.
It is important that Fowles and Schneider (1978) were primarily concerned with the measurement o f skin 
potential responses (SPR’ s) which reflect changes in sweat gland activity over short time periods. Although the 
■'pre-stimulus' SPL was measured, it simply served as a reference for the phasic changes. The theoretical 
background against which the effects o f the electrolytes are discussed is based largely upon Edelberg’s Skin 
Hydration Model (1968). This attributes activity of the sweat gland and the subsequent changes in epidermal 
hydration to be the principal factor influencing the SPL (Section 2.1.2).
As epidermal hydration mechanically blocks the sweat gland pore, thus preventing sweat from reaching the 
skin surface, it is suggested that this effect introduces a resistance between the sweat gland and the surface 
electrode and possibly produces alterations in ductal permeability (Fowles and Venables 1970). The authors
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view epidermal hydration as a source of error requiring experimental control. The reabsoiption o f sodium from 
the sweat passing through the duct generates a transductal potential, with the duct lumen negative relative to 
the interstitial fluid.
The current work aims to investigate the behaviour of the background skin potential, measured from the skin 
surface. The technique used was devised to minimise the sweat gland contribution as far as possible (Section 
3.3) and to avoid SPR’s (i.e. phasic changes in potential) wherever possible. The effect of the electrolyte on 
sweat gland activity may take on a less critical function under these circumstances. The results o f the work by 
Fowles and Schneider are supported by the results achieved by Garwood et al 1979,1981).
In an often cited series o f recommendations for electrodermal measurements (Fowles et al 1981) the choice of 
electrolyte is reviewed in relation to evaluating the skin potential. It is suggested that either sodium or 
potassium chloride can be used with Ag/AgCl electrodes. The use o f NaCl at concentrations in the range of 
0.05-0.075 molar approximate those o f sweat, making it unlikely that any sweat that diffuses into the electrolyte 
will significantly change the chloride concentration. For recording the skin potential levels, it is recommended 
that KC1 in agar (after Venables and Sayer 1963) is preferable, adding a cautionary note that the shelf life of 
such a preparation is in the order of 10 days.
Few studies have been conducted which involve measurement of the skin potential from the same level o f the 
skin (i.e. not the transcutaneous potential). Most o f the studies that have been conducted were by Becker and 
his associates and few o f these have involved human subjects. No detailed experimental methodology for these 
trials has been identified from the literature and the type and ionic composition of the electrolyte used has not 
been established.
The only other recent study which considers differential skin surface potentials was carried out by Wilber 
(1978) investigating surface skin potentials from the thigh in normal subjects and following injury. Wilber used 
commercial ECG type electrodes with no comment made with regards the electrolyte although he states that 
they were pre-gelled which suggests that they were likely to be using a hypertonic ion based gel.
Differences in electrolyte concentration will influence the measured skin potential level in terms of the absolute 
level, though there is no direct evidence reported to suggest that differential skin surface potentials will be 
affected in the sane way. If both electrodes involved are using the same electrolyte, relative differences or 
changes in the potential will still be recorded.
The electrolyte base (i.e. the non ionic component) has a marked effect on epidermal hydration which may in 
turn affect the measured level. Agar based electrolytes allow epidermal hydration which in turn mechanically 
blocks the release o f sweat from the ducts to the skin surface.
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The manufacturers o f both Cambmac TOOS and 3M Red Dot electrodes were contacted to ascertain the 
constituents and concentrations of the electrolyte gel. Cambmac were unwilling to release any details regarding 
the electrolyte other than to state that it contained NaCl, polyvinyl pyroidone (for the gel) and hydroxyethyl. 
They were unwilling to state the concentration of the NaCl in the electrolyte. The Red Dot electrolyte is known 
to contain KC1 (2%) and sodium chlorate (0.15%) plus other constituents which were not given.
The difficulty for the current study was that by using commercial electrodes which were pre-gelled, good 
quality control could be achieved, with low offset potentials (Section 5.1.1), but at the expense of not knowing 
the exact constituents o f the electrolyte. If both electrodes in a recording pair use the same electrolyte, it is 
suggested that the relative difference in potential will be the same whatever the electrolyte is. Although the 
absolute potential might vary, this study does not aim to record absolute (transcutaneous) skin potentials, and 
following prolonged discussion, it was agreed that commercial pre-gelled electrodes would serve the purposes 
of the project if the offset potentials, stability and drift were within the specified limits.
5.3 Electrode Tests
The Cambmac Electrodes were available in several different types. On contacting the manufacturers, it 
transpired that all the electrodes had the same basic construction (in terms of the electrode metal (Ag/AgCl) 
and electrolyte gel (the exact constituents were confidential). The differences between the electrode types were 
in the adhesive collar, the size and connectors. From the available data, it was decided that either the paediatric 
or the stress test electrodes would be the most suitable. The paediatric electrodes were smaller, but had less 
strong adhesive which on adult, sometimes hairy skin might result in poor contact The stress test electrodes 
were designed for ambulatory ECG recording and therefore had a good strength adhesive and skin shaving was 
not considered essential before use. It was hoped to avoid skin preparation (including shaving) in order to 
minimise the skin trauma prior to the test and it was decided that the stress test electrodes with no integral lead 
and a stud connector (Code TOOS) would be the preferable option from the Cambmac range.
The Red Dot (2249) electrodes from 3M were of similar design, being Ag/AgCl, pre gelled and with a self 
adhesive collar. They were of similar size to the Cambmac electrodes and provided and identical stud connector 
for the electrode lead.
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5.3.1 3M Red Dot Electrode Tests
Routine face to face offset tests (following the test protocol suggested by the AAMI code) were conducted with 
the Red Dot electrodes. The electrodes were taken from a new pack and paired at random. The pack was well 
within its shelf life according to the manufacturers information. Seventeen offset and drift tests were conducted. 
Electrodes were connected face to face and the offset was recorded for 1 hour from the connection time. The 
offset voltage was recorded using either the multimeter (N=8 tests) or the X-Y plotter (N=9 tests). The mean 
initial offset from all 17 o f these tests was 2.29mV (standard deviation 1.23 mV). The mean drift rate for the 
first 60 minutes following connection was established at 0.56mV/hr. Graph 5.1 shows the mean electrode offset 
from 17 tests over a 1 hour period.
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Graph 5.1: 3M Red Dot electrode offset mean potentials 
with standard deviation (N=17 tests)
Some electrode pairs performed better than others, but as the pairs were random, it would not be possible to 
establish at the time o f testing on a subject whether the particular electrode pair were producing a high or a low 
offset potential. Even allowing for a period of stabilisation after placement on the subjects skin (for example 20 
minutes), and assuming that the electrodes in contact with the skin behave in a similar way as the face to face 
tests, the offset at the beginning o f testing at 20 minutes after electrode application would typically be in the 
region of 2.2mV which would be approximately 5 times greater than the LSB resolution of 0.4mV when using 
a ±50mV instrument scale. The Red Dot electrodes perform as well as the manufacturers quoted typical offset
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of 2.5mV. Although they are clearly well within the AAMI specification, the magnitude of the initial offset may 
make them unsuitable for the current work.
5.3.2 TOOS Electrode Tests
The Cambmac TOOS electrodes were tested in the same way as the 3M Red Dot electrodes described above. The 
data for initial offset and drift were collected by tests using the multimeter, the X-Y plotter and later with the 
prototype instrument. This was to enable a direct comparison between the different electrode types.
Routine face to face tests as described above for random pairs o f electrodes. The test duration was 1 hour. A 
total o f 13 tests were carried out with the multimeter (N=8) and the plotter (N=5) (for comparison with the Red 
Dot results) and an additional 12 tests were conducted using the prototype instrument in order to compare the 
effects o f different measuring devices. The mean potentials from the meter and plotter tests are shown in Graph 
5.2.
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Graph 5.2 : Cambmac TOOS electrode offset mean potentials 
with standard deviation (N=13 tests)
The mean initial electrodes offset for the TOOS electrodes was 0.54mV (SD 0.67) which appears to be much 
smaller than the offset for the Red Dot electrodes. The mean drift rate for the 60 minutes following connection 
was 0.52mV, which is comparable to the Red Dot electrodes.
On face value, the mean initial offset and the mean drift rate for the first hour appear to be lower for the TOOS 
electrode tests than for the Red Dot tests. The apparent difference was tested statistically using a two sample t
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test with separate variance. The results are shown in Table 5.1 below. In each case, the null hypothesis tested 
was that there was no significant difference between the mean values for the Red Dot and the TOOS tests. The 
alternative hypothesis in each instance was that the TOOS mean value was significantly smaller than the Red 
Dot value. The results from the TOOS tests conducted with the prototype instrument are not included in this 
analysis as no comparable tests were conducted with the Red Dot electrodes.
TEST t Value p (1 tail) Comment
Mean Initial Offset -4.98 <0.0001 Significant
Mean Drift Rate -0.18 0.861 Not Significant
Table 5.1: Results o f 2 Sample t tests for Red Dot (2249) and TOOS Electrode Tests
The difference between the initial offset potentials was significant, with the TOOS electrodes giving rise to a 
very much smaller potential. The drift rates were very similar, showing no statistically significant difference. 
The null hypothesis was therefore rejected for the offset comparison, but not rejected for the drift tests.
In addition to the electrode tests carried out with the multimeter and the X-Y plotter, an additional series of 
tests were conducted using the developed measurement system to see how it compared with the other results. 
Twelve electrode offset and drift test results were available from these tests in which the test protocol was 
identical except that the data was collected by the computer system via the new instrument. The results showed 
that the mean potential offset, both initially and throughout the test were smaller than those measured with the 
multimeter and the plotter. A summary of the mean potentials is shown in Graph 5.3.
Time (min)
Graph 5.3 : Cambmac TOOS electrode offset mean potentials with standard deviation (N=12 tests) from new
instrument tests
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The reasons for these differences are not clear. It is possible that as the tests were conducted some time after the 
previous TOOS tests (by about 5 months), there was a difference in the characteristics o f the offset due to the use 
of electrodes from a different batch. Unfortunately, no record of electrode batches had been maintained during 
this period. A  second possibility is that the difference in the measured potential arising from the paired 
electrodes may be attributed to a difference in input impedance between the various measurement systems. The 
input impedance of the new instrument was much greater than that of either o f the other instruments which in 
theory should lead to the more accurate recording of the potential.
The offset from 20 minutes onwards is less than O.lmV and with the drift after this time, the change in 
potential over the following 40 minutes (the actual measuring phase) was less than O.lmV. In relation to the 
expected working resolution of the recording system (0.4mV per LSB), changes in electrode potential of this 
order o f magnitude are not expected to exert a significant influence on the measured skin potential. The reason 
for their being recorded at this level during these tests is that the instrument was used at maximal resolution 
(0.02mV per LSB) (see Section 4.2). The behaviour o f the electrode offset and drift when measured with the 
new instrument appeared to be better than with the commercial measurement devices.
Given the empirical and statistical evidence, it was clearly preferable to use the TOOS electrodes rather than the 
3M Red Dot electrodes for the subject tests. From the previous work by Watson (1989) and Wood (1991) these 
two electrode types had already been selected in preference to other makes by virtue o f their offset and drift 
characteristics. Several manufacturers were contacted and the specifications outlined above were discussed with 
them. No manufacturer was able to recommend a pre-gelled Ag/AgCl adhesive electrode which was likely to 
perform any better than those tested. It was decided therefore to adopt the TOOS electrodes rather than to carry 
on with prolonged testing of other electrode types. Cambmac TOOS electrodes had been shown to meet the 
offset and drift specifications established before the tests had started (that the combined offset and drift should, 
following stabilisation fall within 1 LSB with the instrument operating at its expected amplification giving an 
LSB magnitude of 0.4mV).
The TOOS electrode offset potentials were evaluated again during the environmental shielding experiments, and 
at this stage of the work, some minor adjustments had been made to the pre-amplifier offset and noise levels, 
providing greater accuracy in the potential measurement. The mean electrode offset from these later tests was 
found to be 0.05mV which suggests that a proportion o f the offset measured in these initial tests might have 
arisen from the instrument itself (Chapter 7).
The relationship between initial offset (mV) and drift rate (mV/hr) seen in Graph 5.4 appears to follow a 
positive correlation, with high initial offset associated with greater drift rates.
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Graph 5.4 : Initial offset and subsequent drift rates from all TOOS electrode tests
To test the strength of this relationship, a linear regression analysis (least squares method) was performed 
which gave a regression equation o f :
Drift Rate = (0.68 x Initial Offset) + 0.14 mV/hr.
The regression was significant at p<0.0001. A constant value was used in the regression rather than the line 
being forced through zero as a zero initial offset does not necessarily mean that there will be no drift of the 
offset. Using the predicted values from this regression, Graph 5.5 below shows the predicted and actual values 
of the drift rate for TOOS electrodes.
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Graph 5.5: Plot of Actual vs. Predicted Drift Rate for TOOS Electrodes using Linear Regression
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If electrode pairs could he connected, the initial offset measured, then separated and applied to the subject 
without undue interference at the interface, it would be possible to estimate the contribution o f the electrodes to 
the signals measured at any point during the tests, based on the regression equation. Alternatively, it might be 
possible to leave the electrodes together until a stable, low offset had been reached before applying the 
electrodes to the subject
In order for either of these electrode protocols to be used, the stability of the electrode offset following 
separation had to be established. Several tests were conducted in which a pair o f TOOS electrodes were 
connected face to face through a modified plastic shield to which the electrodes are packed by the manufacturer. 
After a period of recording and stabilisation, the electrodes were separated, and after a 5 minute delay, were put 
face to face again and the offset measured once more. If this test format did not give rise to a significant 
disturbance o f the offset, it might be possible to use the method for the subject tests. As with the previous tests, 
the offset tended to decrease (i.e. move towards OmV) during the initial test. On separation and reconnection, 
the offset was rarely identical to that immediately prior to the separation. On some occasions the offset 
increased considerably despite very careful attention to the technique. An example of the results are shown in 
Graph 5.6.
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Graph 5.6: Example of Electrode Reconnection test results using TOOS Electrodes
Although in the example shown, the reconnection offset is smaller than the pre separation offset, this was not 
always the case. The time taken for complete offset stabilisation (see below) varied, and it would be very 
difficult to achieve stabilisation of 4 electrode pairs at the same time before a subject test. The offset potentials 
were relatively small, and the pilot subject tests indicated that subject limb potentials were o f the same order as 
the Watson (1989) and Wood (1991) results (±40-50mV). With the instrument set to a gain giving a
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measurement range of ±50mV, the LSB resolution of the ADC (Section 4.2.11) would be 0.4mV and the offset 
and drift were typically much less than this. The stabilisation/reconnection technique was considered 
impractical and was therefore not adopted.
5.3.3 Electrode stabilisation
The typical offset drift with time is not a linear phenomenon. For most tests, the change was exponential. 
Graph 5.2 above does not clearly show the exponential due to the inclusion of data from tests where the offset 
changes were minimal. The time taken for the electrodes to stabilise was established from the individual test 
data and was taken to be typically between 15 and 20 minutes. By this time (using the mean test data) more 
than 65% o f the offset change that would be expected in 1 hour will have occurred. The remaining change 
(from the mean data) would be less than O.lmV, which is much less than 1/2 LSB. This is consistent with the 
specifications outlined in Section 4.2. It was decided therefore use a 15 minute stabilisation period in the first 
instance but to evaluate the results for inconsistencies. A 15 minute stabilisation period was also quoted by 
Geddes and Baker (1975) as being an optimal stabilisation for Ag/AgCl electrodes. The pilot subject tests 
(Chapter 6) included electrode stabilisation tests, but as the behaviour o f the skin potential signal was not 
known, it was difficult to establish whether the recorded changes were due to the electrode stabilisation, 
changes in the skin potential or a combination of the two.
5.4 Leads and Connections
The initial system tests were conducted with a variety o f leads connected to the multimeter, the plotter and the 
prototype instrument. Before the subject tests were commenced, it was decided that adequately shielded leads 
would be required. It had been decided that all elements o f the instrument would be enclosed in metal cases to 
minimise the effects of environmental interference. The use o f shielded leads was consistent with this general 
approach. Pairs o f leads were made using co-axial cable (Radio Spares Catalogue No. 388-237). This was a 
solid core coaxial cable with an overall diameter of 5mm, insulation of polyethylene and an outer PVC sheath. 
The metal mesh shield was connected to the cases of the instrument. The leads were 20 inches long, with the 
first 6 inches twisted to minimise interference effects. This provided a maximal electrode placement span of 21 
inches. All lead sets were of the same length.
Standard phono connections (Radio Spares Catalogue No. 490-942) were used to connect the leads to the pre­
amplifier boxes which were situated as close to the subject as was practical to minimise the risk o f interference 
before the signal had been amplified. The connections between the leads and the electrodes were made using 
commercial 13mm stainless steel press clips which were soldered to the lead core.
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It was necessary to modify the leads during the subject tests (February 1993 - between A  and B series tests)as it 
was found that the co-axial cable used was rather inflexible, placing a strain on the electrode connections and 
resulting in lead breakage on several occasions. Additionally, it was found that for two subjects, the electrode 
placement span (21 inches) was not quite sufficient for the leads to be attached to the electrodes without strain. 
New leads were made with co-axial cable (Radio Spares Catalogue No. 388-259), which had a smaller diameter 
(2.8mm), giving greater flexibility. The solid core o f the larger cable appeared to have been the weakest point 
in the lead, so the new cable had a stranded inner core (copper) with solid polythene insulation. The leads were 
made slightly longer than the original leads as it had been found that some of the strain imposed on the leads 
was due to using the leads at maximal stretch for subjects with long limbs. The new leads were 22 inches long 
with the first 6 inches twisted. This provided a slightly greater electrode placement span of 24 inches which 
was sufficient for the longest limbs. The connection to the electrode was achieved as previously with stainless 
steel clips, but the junction from the lead to the clip was modified by embedding the junction in a non 
conductive adhesive (Bostick general purpose thermal adhesive) to provide strain relief at the vulnerable 
junction between the cable and the clip. The connections between the lead and the system boxes were made 
with gold plated phono connectors (Radio Spares Catalogue No. 476-536) which provide a higher quality 
connection with low noise. The cable shield was connected to the metal casing of the connector. The 
combination o f a longer, smaller diameter cable with a stranded core, different insulation and strain relief at the 
electrode junction resulted in no subsequent instances of lead failure.
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6. Non-injured and Injured Subject Pilot Studies
6.1 Non-Injured Subject Pilot Studies
Following the system, tests (Chapter 5), a series o f pilot subject tests on non-injured subjects were conducted. 
These tests aimed to:
a) provide preliminary information comparing the behaviour of the surface skin potentials from opposite limbs
recorded simultaneously with the data collected from the GRASS system (detailed in Appendix D).
b) evaluate the effects o f varying the reference electrode position.
c) investigate the effects of electrode polarisation
d) investigate the effects of skin preparation
e) investigate the effects o f electrode stabilisation time when applied to the subject
In addition to these tests which were mainly conducted on a single subject (TW), two further series of tests were 
carried out on non-injured subjects in order to evaluate the magnitude and behaviour patterns of the skin 
potential from several sites in the lower limb over a number of sessions.
6.1.1 Simultaneously recorded potentials from opposite limbs
Four tests were conducted on Subject TW at the same time on separate days in order to establish whether the 
close similarities in potentials from the left and right limbs noted from the GRASS system tests (Appendix D) 
were also seen with the new instrument. TOOS electrodes were placed over the knee joint line medially and 
laterally, midway between the anterior and posterior joint margins. Two reference electrodes were placed, one 
on each limb on the anterior thigh in the suprapatellar region.
Data was collected on the Archimedes computer at 1Hz (one reading per channel per second) for a period of 
one hour immediately following electrode placement. No stabilisation time was allowed as it was considered 
important at this stage to collect data from the period immediately following electrode attachment
The results showed that the differential surface skin potentials recorded with the new system behaved in a 
similar way to the potentials recorded from the GRASS system using similarly placed electrodes. There 
appeared to be an initial period of instability o f the potentials which was assumed to be due to electrode
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stabilisation, following which, the left and right potentials varied in a very similar fashion. An example of the 
results of one o f these tests are shown in Chart 6.1.
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Chart 6.1: Example o f Bilateral Knee Surface Skin Potential recorded with the Two Channel System
From the data collected over the 4 sessions, the electrode stabilisation period with the electrodes attached to the 
subject appeared to range between 5 and 20 minutes. The stable phase was considered to commence at the onset 
of symmetrical left/right potential variation.
In addition to a variable stabilisation time, there was a difference between the magnitude of the mean skin 
potential over the 4 sessions. The mean potential was calculated from 3600 readingsfrom each knee at each 
session and the summary results are shown in Table 6.1.
TEST
Left Knee 
Mean [mV] 
(SD)
Right Knee 
Mean [mV] 
(SD)
Room
Temperature
<°C)
Room
Humidity
(% )
1 - 2.24 (1.79) -6.20 (2.36) 19 40
2 4.05 (0.82) 0.12 (1.18) 15 40
3 -2.04(1.04) 5.56 (0.85) 16 40
4 -10.68 (0.83) 17.00 (3.08) 17 36
RANGE 14.73 23.20
Table 6.1: Summary data from TW knee tests
The mean potential from the left knee varied by almost 15mV over the 4 sessions whilst the right mean 
potential varied by 23.2 mV. The relatively large ranges and standard deviations were derived from the full 
data sets which included the initial stabilisation period where there is the greatest variability in the signal 
magnitude. Normally, tests would commence after the initial stabilisation period. The variability of the mean
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potential was expected to be smaller when calculated from later tests from which the stabilisation period data 
would not be included.
6.1.2 Reference Electrode Position
An important task was to evaluate the effects o f using different reference electrode positions on the knee 
potential. The reference electrode position was varied between the thigh, the forearm and the abdomen. The 
previous tests had used two reference electrodes, one to each anterior thigh connected to the respective pre­
amplifier.
In the reference electrode tests, TOOS electrodes were placed at the knees as previously and left in situ for over 1 
hour in order to achieve good stabilisation of the skin potential. Following this period, a 30 minute recording 
session was conducted during which the referencing system was varied whilst not disturbing the knee 
electrodes. The protocol for the test (TW-TEST 5) is shown below in Table 6.2, with the results displayed in 
Chart 6.2.
TEST
COMPONENT TIME (Min) REFERENCE SYSTEM
A 0 -5 Bilateral suprapatellar
B 5 -1 0 Both channels to single abdominal
C 10-15 Bilateral suprapatellar
D 15-20 Bilateral forearm
E 20-25 Bilateral suprapatellar
F ) Reference leads shorted, not connected to subject
G ) 25 - 30 Reference leads attached to medial electrode
H ) Bilateral suprapatellar
Table 6.2: Test Protocol for Referencing System Test (TW Test 5)
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Chart 6.2 : The effect o f varying the reference electrode position on the Left and Right Knee Potentials
The results indicate that the knee potentials were not significantly affected by the variation of the reference 
electrode position between thigh, forearm and abdominal positions. Shorted, unattached reference leads and 
reference leads attached to the medial electrode produced both magnitude and variability changes in the signal.
Following discussion with Wood, it was decided that due to the configuration o f the referencing element o f the 
circuit on the PCB, that a single reference electrode should be used to minimise the ground currents. Data 
collected with a single thigh reference electrode (EMG plate with ECG electrolyte gel) provided stable readings 
which were comparable with those obtained previously.
Consequently, a single metal plate EMG reference electrode was used on the right anterior thigh, connected to 
pre-amplifier 2 for future subject tests. Later tests in the pilot series (Tests 29 to 31 and 35 to 37) compared the 
use o f the single thigh (EMG plate) versus the single abdominal (TOOS) reference electrode and* established that 
there was no difference between referencing systems.
6.1.3 Electrode Polarisation
From the literature (Section 4.2) it was thought that ^electrode polarisation would have minimal effects on 
the skin surface potential measurement system. However, as the potentials recorded from the subject in the first 
tests had sometimes been close to zero mV, a small PC polarisation effect could mask a small signal. Electrode 
polarisation effects were tested on three occasions on the same subject to establish whether there was a
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significant effect TOOS electrodes were routinely placed at the knees as previously and allowed to fully stabilise 
(for 1 hour). The knee signals were then recorded for a 5 minute period, during which time, the medial/lateral 
electrode leads for each knee were reversed during the middle third of the trial, and returned to their original 
positions for the last third. The potential was therefore reversed in polarity during the middle part of the test, 
and if there were significant polarisation effects, it was expected that there would be a measurable disturbance 
of the potentials.
The results o f the three tests all supported the contention that no significant polarisation effects occured. The 
results o f TW TEST 6 are shown in Chart 6.3. In this test, the mean left potential was -8,8mV in Phase I, 
reversed to 8.7mV in Phase II, and reverted to -8.7mV in Phase III. The standard deviations from each section 
were similar. A similar effect was noted on the right knee signal (Phase 1 10.7, Phase II -10.7, Phase in 10.2). 
These results were replicated in tests 7 and 9.
From these initial tests, it was concluded that the 2 channel recording system provided data which was 
comparable in nature to the GRASS system. The magnitude of the left and right knee potentials vary in unison 
which had been anticipated. The reference electrode attachment and position have been established, and for 
future tests, a single EMG metal plate reference electrode on the right anterior thigh would be used, connected 
to channel 2 (right). The electrode polarisation tests provided encouraging results in that there did not appear to 
be a significant polarisation effect on the potentials recorded from a subject and additionally, the instrument 
and electrode offset potentials did not appear to affect the signal significantly.
6.1.4 Skin Preparation
Skin preparation effects were tested by using the same procedure as in the previous tests (Subject TW). 
Electrodes (TOOS) were placed at the knee (as previously) and at the ankle (medially and laterally between the 
malleolar tip and the calcaneal border) o f both limbs. In tests 38 - 43, the medial sites on both limbs were 
prepared with an alcohol skin prep wipe whilst the lateral sites were unprepared. In tests 44 to 49, all the 
electrode sites on the left limb were prepared whilst those on the right were not. Data was collected at 1 second
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intervals, over 10 minutes per test The general behaviour of the signals appeared to be consistent with the 
previous results. There were no statistical differences in the strength of the relationship between the signals for 
any of the tests. Neither the right/left or the lateral/medial relationships were disturbed. There were some 
differences in the variability of the signal (as determined by a variance ratio (F) test) but the results were not 
conclusive, and with the relatively small sample, may be due to chance. Both statistically and visually, the 
effect o f skin preparation was not discerned and future tests did not include skin preparation before electrode 
placement. Chart 6.4 shows the results from Test 33 (neither site prepared) and Chart 6.5 shows the results 
from Test 48 (all left side electrode sites prepared with alcohol wipe, right side sites unprepared). The data 
from both tests shows the signals from the lateral electrode combination.
T ime (m'n)
Chart 6.4 : Signals from left and right lateral electrodes with no skin preparation. (Left signal is the upper
trace)
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Chart 6,5 : Signals from left and right lateral electrodes with all left limb sites prepared with alcohol skin wipe,
(Left signal is the upper trace)
6.1.5 Electrode Stabilisation
The stabilisation data collected from the first four tests (Subject TW) suggested that the signals achieved 
stability by approximately 15 minutes after electrode application. Further electrode stabilisation data was 
collected from all three subjects involved in the pilot tests and is therefore reported later in this section.
6.1.6 Non-injured Subject Tests
Variation in the magnitude of the potentials recorded from these initial tests (Subject TW) could not be 
meaningfully interpreted as the test data included stabilisation time potentials, and only one electrode 
combination was used. The next test sequences investigated more fully the variation in potentials from several 
electrode combinations with time after electrode application. The tests were repeated at the same time of day 
over 4 consecutive days on three subjects.
The test procedure was the same for all tests, and is outlined below:
Electrodes were attached to the left and right knees and ankle/foot, with no skin preparation. The knee 
electrodes were placed as previously, and the ankle electrodes were attached to the medial and lateral sides of 
the ankle, midway between the malleolar tip and the appropriate border of the calcaneus.
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A single reference electrode was applied to the right anterior thigh and was connected to the Channel 2 (right) 
input. Testing commenced immediately following electrode application.
The test sequence was the same on all occasions, with equivalent electrode combinations from opposite limbs.
a) knee electrodes
b) lateral electrodes
c) medial electrodes
The lead connections to the pre amplifiers was kept consistent throughout all the non injured subject pilot tests 
(and for all tests thereafter). The electrode connected to the amplifier terminal Vi effectively constitutes the 
inverting input to the differential amplifier. The lead connected to the amplifier terminal V2 constitutes the non 
inverting input. The output of the amplifier (V0) is equal to the product o f the gain and (V2 - Vi), thus 
V0 = Gain . (V2- V i)
The electrode connected to the inverting (V0 input will be nominated the (-) input and the electrode attached to 
the non inverting input (V2) nominated the (+) input A  recorded voltage of -5mV means that the difference in 
potential between the two electrodes is 5mV, with the non inverting (+) input being the more negative.
For the knee (and later the ankle) electrode pairs, the MEDIAL electrode was always connected to the 
INVERTING (-) amplifier input, the LATERAL electrode to the NON INVERTING (+) input giving a 
recorded potential describing the potential at the lateral aspect of the joint in relation to the medial side.
For both the lateral and medial electrode combinations, the KNEE electrode was always connected to the 
INVERTING (-) input and the ANKLE electrode to the NON INVERTING (+) input. This gives a recorded 
potential describing the ankle potential in relation to that of the knee.
Each test was o f 10 minutes duration, and then the sequence was repeated (for a further 10 minutes for each 
combination). Data was collected at 1 second intervals on the Archimedes computer. During the 3rd and 4th 
days tests, the difference between abdominal and thigh reference electrode positions was confirmed as making 
no significant difference to the recorded potential. In addition to the skin potentials, the room temperature and 
relative humidity was also monitored.
All three subjects were male, without a recent (6 month) history of soft tissue or musculoskeletal injury, trauma 
or disease. No abnormalities of any system were reported, and permission was given for the tests to proceed. 
Subject 1 (TW) and Subject 2 (DW) were both directly involved with the research, whilst Subject 3 (JM) was a 
postgraduate student in the same group who was not directly involved with the project. The reason for using 
subjects who were involved with the work was connected with the time taken for these early tests, during the 
development phase of the work. The test results for each subject are reported below.
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6.1.6.1 Subject 1 (TW) Test Results
Subject 1 was tested on 4 consecutive days in December 1991 with all test sessions starting at the same time of 
day (within 3 minutes).
The mean potential for each electrode combination (knees, lateral and medial) was calculated together with the 
standard deviation for each test session. 600 readings were collected from each channel at each test A 
summary of the results from the first session is shown in Table 6.3 (including both the early and late sets of 
data).
Test
Electrode
Combination L/R
Mean
Potential
(mV)
Standard
Deviation
Time elapsed 
since electrode 
application (min)
10 Knees L 2.43 1.74 1
R 0.77 0.84
11 Lateral L -28.88 1.57 17
R -38.19 4.92
12 Medial L -34.35 1.64 31
R -34.01 2.26
13 Knees L -0.20 0.25 42
R -2.83 2.36
14 Lateral L -27.44 3.21 55
R -38.21 1.75
15 Medial L -33.83 1.56 67
R -31.24 2.56
Table 6.3 : Summary Results of TW Tests 10 to 15 (Day 1)
The knee potentials are clustered around a 0 to 5mV band whilst both the lateral and medial potentials cluster 
in the -25 to -40mV band. The time elapsed between the first and second test for each electrode combination 
was 38 minutes on average. Although this is not an extensive time, the close clustering of the early and late 
potentials is encouraging as it suggests that electrode and instrument drift do not bias the recorded potentials, 
nor do the skin potentials vary widely over short periods of time.
The repetition o f these tests on subsequent days (TW TESTS 19-24 (Day 2), 26-31 (Day 3) and 32-37 (Day 4)) 
followed the same protocol. The results are summarised in Table 6.4 together with the Day 1 results for
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comparison. The mean potential from each test (from N=600 readings) is shown along with the standard 
deviation. Knee (1) represent the first 10 minute test whilst Knee (2) represents the second 10 minute test.
DAY 1 DAY 2 DAY 3 DAY 4
Electrode
Combination L/R
Mean Potential 
(mV)
(St Deviation)
Mean Potential 
(mV)
(St Deviation)
Mean Potential 
(mV)
(St Deviation)
Mean Potential 
(mV)
(St Deviation)
Knees (1) L 2.43 (1.74) 3.65 (0.57) 4.78 (1.22) -1.52 (1.71)
R 0.77 (0.84) 3.74 (3.40) 4.33 (0.45) 4.14 (2.57)
Lateral (1) L -28.88 (1.57) -28.31 (3.40) -16.17 (4.30) -24.00 (2.74)
R -38.19 (4.92) -28.45 (4.58) -17.92 (4.56) -27.27 (2.00)
Medial (1) L -34.35 (1.64) -31.16 (1.85) -13.00 (1.26) -24.21 (2.16)
R -34.01 (2.26) -32.09 (2.59) -20.64 (1.15) -27.31 (6.39)
Knees (2) L - 0.20 (0.25) -0.68 (0.28) 5.16 (0.15) - 3.68 (0.22)
R -2.83 (2.36) -5.54 (0.49) 5.20 (3,07) 3.50 (3.65)
Lateral (2) L -27.44 (3.21) -24.49 (2.75) -16.59 (2.68) -26.66 (1.17)
R -38.21 (1.75) -22.41 (1.86) -17.14 (5.87) -28.46 (4.65)
Medial (2) L -33,83 (1.56) -31.78 (0.74) -15.70 (1.32) -25.13 (0.79)
R -31.24 (2.56) -30.75 (4.73) -20.61 (4.22) -26.97 (6.68)
Table 6.4 : Summary results of TW tests (Days 1 -4 ) with Mean and (Standard Deviation) values for each test
(N=600 throughout)
The mean potential from each electrode combination (i.e. knees, lateral and medial) over the 4 sessions are 
presented together with the standard deviations in Chart 6.6:
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Chart 6.6 : Mean potentials from TW tests (Days 1-4) 
with standard deviation error bars
It can be seen from Chart 6.6 that although there is an overlap between the mean potentials from the medial 
and lateral electrode combinations, the mean knee potentials remain quite separate, being much closer to OmV. 
Both the lateral and medial signals were larger (more negative). When the mean potentials were plotted by 
session (Chart 6.7) there appear to be common variations e.g. the increased positive potentials from both limbs 
ar session 3 followed by a negative shift to session 4..
— ♦— L K N E E ••■0---R KNEE — A—  L LATERAL
- - - A - - - R  LATERAL — ■— L MEDIAL r  m e d ia l
.2+3
C
o+■»o
CL
c
2
CO
10
5
0
-5
-10
-15
-20
-25
-30
-35
-40
SESSION 1 SESSION 2 SESSION 3 
Test Session
SESSION 4
Chart 6.7 : Mean potential from each electrode combination showing changes over the 4 test sessions
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These results were encouraging as they suggested that not only were the knee potentials o f different magnitude 
to the medial and lateral potentials, but there appear to be common factors in their variation in that the mean 
potential from each electrode combination varies with the session, some more strongly than others.
The common variation was tested with a correlation analysis (using Pearson correlation method). The null 
hypothesis o f no correlation was tested at the 5% level of significance.
Analysis included
a) correlations between equivalent signals from opposite limbs (e.g. left knee and right knee)
b) correlations between medial and lateral signals from the same limb (e.g. right medial and right lateral)
c) correlations between medial and lateral signals from opposite limbs (e.g. right lateral with left medial and 
vice versa)
In each case, the mean potentials from the second set of test data were compared (i.e. mean potentials from the 
second data set recorded after electrode stabilisation). The results of the correlation analysis are shown in Table 
6.5.
Pearson
Correlation
Coefficient
Level of 
significance
COMBINATION r ................P .............
Left vs right knees 0.324 0.338 NS
Left vs right lateral 0.839 0.081 s  i
Left vs right medial 0.996 0.002 SS
Lateral vs Medial (Left) 0.858 0.071 S
Lateral vs Medial (Right) 0.706 0.147 NS
Left medial vs right lateral 0.734 0.133 NS
Left lateral vs right medial 0.876 0.062 S
Table 6.5 : Results o f Pearson Correlation for Subject TW Tests 
(where NS = non significant S = significant at p<0.1 and 
SS = significant at p<0.05)
The variations associated with the lateral and medial signals from opposite limbs give a stronger correlation 
than those from the knee. Correlation for equivalent signals from opposite limbs (a) show a significant 
relationship for the medial signals (p<0.05), and a less significant correlation for the lateral signals (p<0.10). 
Correlations o f the medial and lateral signals from the same limb (b) show a significant (p<0.10) positive
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correlation for the left, but no significant correlation on the right Right/left correlation of opposite signals (e.g. 
right lateral with left medial) demonstrated inconsistent results. The correlation between mean potential and 
humidity showed a significant result (p<0.05) for 3 of the 6 electrode combinations with one addition which 
was significant at p<0.10. No significant correlation was demonstrated between the mean potentials and 
environmental temperature.
The correlation analysis did not firmly establish any strong patterns from the data although the incidence of 
significant correlation with humidity needed to be repeated with the following subjects.
From the pilot studies on a single subject, useful information had been gained with regards the general 
behaviour and magnitude of the differential surface skin potentials (DSSP’s) from the knee, lateral and medial 
electrode combination over a period of several days.
6.1.6.2 Subject 2 (DW) TESTS:
A  second non-injured subject (DW) was tested using a similar protocol to the TW tests, in the same room, using 
TOOS electrodes and the Archimedes computer system. Tests were conducted on 5 consecutive days, at the same 
time of day on each occasion. At each visit, 6 data series were compiled, with 3 x 10 minute tests (knee, lateral, 
medial) being repeated in the second part of the session. Electrodes were placed as for the TW tests (medial and 
lateral aspects o f the knee and ankle) with a single right thigh reference electrode. No skin preparation was 
applied before electrode application, and no stabilisaton time was allowed before the initial tests were 
conducted.
The data from the first tests on each occasion was examined to evaluate the stabilisation time for the electrodes 
on the skin (Section 6.1.8), and the mean potentials from the second series on each occasion are presented 
together with the standard deviation in Table 6.6.
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Combination L/R Session 1 Session 2 Session 3 Session 4 Session 5
Knees L -0.526
(1.174)
1.283
(0.135)
-0.571
(0.258)
-0.039
(0.309)
2.758
(0.146)
R -7.139
(0.373)
1.439
(0.706)
-2.077
(0.258)
-6.641
(0.202)
-2.616
(0.095)
Lateral L -5.849
(0.892)
-24.995
(1.767)
-19.642
(0.529)
-12.148
(3.033)
-33.083
(0.567)
R -3.182
(1.002)
-22.705
(4.289)
-23.216
(1.171)
-11.041
(2.265)
-31.928
(1.169)
Medial L -15.938
(3.214)
-28.376
(4.443)
-22.990
(1.584)
-17.132
(1.952)
-31.380
(1.409)
R -15.303
(3.692)
-24.650
(2.315)
-26.270
(1.334)
-21.072
(1.557)
-34.697
(2.262)
Temperature 22 22 22 23 22
Humidity 42 40 44 37 36
Table 6.6 : Summary results o f tests with Subject DW. The mean potentials (mV) and (standard deviation) are
calculated from the second data set on each session.
From the mean potentials for each electrode combination on each occasion, a summaiy chart (Chart 6.8) o f 
mean potentials from all second test sessions together with the standard deviation was constructed. As with the 
TW tests, the knee potentials close to the OmVband with small deviations whilst the lateral and medial 
mean potentials are larger (more negative) with larger deviations.
Electrode Ccxrbi nation
Chart 6.8 : Mean potentials from DW tests (Days 1-5) with standard deviation error bars
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It can be seen from Chart 6.8 that the general distribution o f the mean potentials is almost identical to that seen 
from Subject 1 (Chart 6.6). When the mean potentials were plotted by session (Chart 6.9) there appear to be 
common variations, though they are different from the TW profile variations.
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Chart 6.9 : Mean potentials from each electrode combination showing changes over 5 test sessions
The common variation was tested with a correlation analysis (using Pearson correlation methods). The null 
hypothesis of no correlation was tested for at the 5% level of significance. Equivalent electrode combination 
mean data were compared for right versus left signals. All correlations were positive with p values as indicated 
in Table 6.7 below
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Pearson
Correlation
Coefficient
Level of significance
COMBINATION r P
Left vs right knees 0.480 0.207 NS
Left vs right lateral 0.976 0.002 SS
Left vs right medial 0.887 0.022 SS
Lateral vs Medial (Left) 0.981 0.002 SS
Lateral vs Medial (Right) 0.969 0.003 SS
Left medial vs right lateral 0.938 0.009 SS
Left lateral vs ri^ht medial 0.954 0.006 SS
Table 6.7 : Results of Pearson Correlation for Subject DW Tests 
(where NS = non significant and SS = significant at p<0.05)
The variations associated with the lateral and medial signals from opposite limbs give a stronger correlation 
than those from the knee prevously. Correlation for equivalent signals from opposite limbs show a significant 
relationship for both the medial and lateral signals (p<0.05). Correlations of the medial and lateral signals from 
the same limb show a significant (p<0.05) positive correlation for the left and the right limbs. Right/left 
correlation of opposite signals (e.g. right lateral with left medial) also gave significant results. The higher 
incidence of significant correlation results for subject DW compared with subject TW may be in part due to a 
greater number of test sessions or due to mean potentials which vary more closely. No significant correlations 
could be shown between mean skin potentials and humidity or environmental temperature.
Comparing the correlation for the DW and TW test results, the medial and lateral results from the DW tests 
were stronger (i.e. that there was a stronger correlation between the magnitude of the mean potential from each 
electrode combination over the 5 test sessions). The link between humidity and mean potential which the TW 
tests had suggested might be significant failed to be demonstrable for the DW tests.
6.1.6.3 Subject 3 (JM) Test Results
Subject 3 (JM) was similarly tested on 4 consecutive days in the same room, using TOOS electrodes, a single 
reference electrode on the right thigh. The protocol was the same as that used in the TW and DW tests, with 6 
tests on each visit (10 minutes each for the knee, lateral and medial which was then repeated).
The mean potentials for each electrode combination, taken from the second test on each occasion are presented 
in Table 6.8. The most striking difference in the general pattern of the potentials is that the right knee
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potentials were consistently much larger (more positive) than the left knee potentials. There were no obvious 
differences in the appropriate standard deviation values, and on careful examination o f the line trace for each 
test, there were no inconsistencies with other test results. The right knee potentials are inconsistent with the 
previous results, giving values of the type expected from injured subjects although no injury was reported..
Combination UK Session 1 Session 2 Session 3 Session 4
Knees (2) L 5.280
(0.244)
0.384
(0.194)
4.304
(0.147)
-2.003
(0.193)
R 18.163
(0,295)
11.893
(0.376)
17.005
(0.183)
22.520
(0.275)
Lateral (2) L -14.987
(0.525)
-25.766
(0.471)
-19.986
(1.130)
-27.299
(0.698)
R -27.508
(0.421)
-23.639
(1.524)
-36.089
(0.703)
-39.898
(1.176)
Medial (2) L - 6.949 
(1.034)
-29.616
(0.839)
-26.639
(1.247)
-23.919
(1.150)
R -4.739
(1.067)
-11.547
(0.625)
-20.217
(0.895)
-11.546
(1.097)
Temperature 22 21 21 21
Humidity 36 34 33 34
Table 6.8 : Summary results of tests with Subject JM. The mean potentials and (standard deviation) are 
calculated from the second data set on each session.
Chart 6.10 shows the mean potentials for each electrode combination over the 4 sessions together with the 
standard deviation. Hie groupings are less obvious than for the previous two subjects, showing greater 
differences between the left/right potentials for the same electrode combination, though the general difference 
between the knee potentials and the lateral/medial potentials is maintained.
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Chart 6.10 : Mean potentials from JM tests (Days 1-4) with standard deviation error bars
The graphical representation of the mean potentials for each electrode combination by session (Chart 6.11) 
shows less clearly defined trends than for the previous subjects (TW and DW).
Test Session
— L KNEE R KNEE — A— L LATERAL
R LATERAL — ■— L MEDIAL - - O - . R  MEDIAL
Chart 6.11: Mean potentials from each electrode combination showing changes over the 4 sessions
A correlation analysis was conducted as with the previous tests, but there were no significant correlations 
between mean potentials from equivalent electrode combinations on opposite limbs, or between the 
medial/lateral potentials from the same limb. The correlations between environmental temperature and
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humidity also failed to demonstrate any significant relationships. The results of the analysis are shown in Table 
6.9.
Pearson
Correlation
Coefficient
Level of 
significance
COMBINATION r P
Left vs right knees 0.224 0.388 NS
Left vs right lateral 0.264 0.368 NS
Left vs right medial 0.737 0.132 NS
Lateral vs Medial (Left) 0.783 0.109 NS
Lateral vs Medial (Right) 0.471 0.265 NS
Left medial vs right lateral 0.171 0.415 NS
Left lateral vs right medial 0.272 0.364 NS
Table 6.9 : Results o f Pearson 
(where NS =
Correlation for Subje 
non significant)
ct JM Tests
The obvious differences between the mean JM potentials and those from subjects TW and DW are not 
explained by differences in test protocol, test environment or differences in environmental conditions 
(temperature and humidity). All subjects were male aged 24 to 40. None reported any recent injury or medical 
problem requiring drug therapy or active treatment. It is possible that there was a psychological component in 
that both TW and DW were more directly involved with the research whilst JM, although conversant with the 
basic principles, was not directly involved. All subjects were prevented from seeing the data as it was being 
collected - the monitor was deliberately out of direct vision so a biofeedback effect should not have occured.
The test protocol, equipment and computer software were the same for all subjects. It is possible that a different 
electrode batch could have been started before the JM tests, but the electrode offset tests had included tests 
carried out on electrodes from different batches and no major differences had been identified.
The mean potentials from all 3 subjects varied from day to day, though tended to do so within a relatively 
limited range. With the limited number of sessions for each subject, it is difficult to statistically establish 
relationships between specific variables due to small sample sizes. Future tests involving a larger sample tested 
on more occasions might provide an indication to the cause of the variability of the mean potentials though it 
remains a possibility that the signals are not as stable as had been anticipated.
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6.1.7 Signal Symmetry Test
The strong symmetry of the signals on many of the tests gave rise to some concern in case this was an artefact 
or instrument problem. To test for this possible anomaly two different subjects were connected to the instrument 
simultaneously, and signals were recorded from equivalent electrode positions (e.g. from the left ankle) for 5 
minutes. If a pattern similar to those obtained from a single subject was recorded, it would suggest that there 
was either a very strong environmental influence, or that there was an instrument problem. This test was 
conducted on two non-injured subjects (TW and DW) using TOOS electrodes attached medially and laterally to 
the left ankle. Each subject was connected to the reference channel on Channel 2 via a third electrode on the 
left anterior thigh of each subject The ankle electrodes were used to enable the two subjects to be seated as far 
from each other as possible. The results of the tests are shown in Chart 6.12.
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Chart 6.12: Left ankle potentials recorded from two subjects simultaneously
It can be seen that the variations in signal magnitude from each subject do not occur simultaneously, suggesting 
that they are more likely to be of physiological origin rather than related to environmental or instrumentational 
phenomena.
6.1.8 Further Electrode Stabilisation Studies
The electrode stabilisation results calculated from Subject TW data suggested that a stabilisation time in contact 
with the skin was expected to be within approximately 15 minutes from initial application. This value was re­
examined using the data from all 3 subjects.
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The data from the initial set o f potentials recorded from each subject on each occasion was examined in order to 
estimate the electrode stabilisation time when in contact with the skin. The first set of data from the knee (Knee 
1) was typically collected from 1 or 2 minutes after the electrodes had been applied. The first lateral set (Lateral 
1) 12-14 minutes after electrode application and the first medial data set (Medial 1) 25-27 minutes after 
electrode placement
By comparing the magnitude and variability o f the first and second data set from each subject on each occasion, 
the effect o f electrode stabilisation can be determined. For all three subjects (TW, DW and JM) the only data 
sets that showed a difference between the first and second data set were those for the knee. This strongly 
suggests that by 10-15 minutes after electrode application, the electrodes have attained their stable offset and 
that variation in the signal after this time is more likely to be due to the physiological changes than to the 
electrochemical stabilisation at the electrode/electrolyte/skin interface. On a significant number of occasions, 
the knee potentials from the first data set were very similar to those from the second data set suggesting that a 
period of less than 10 minutes could be used on occasions. It was considered that a 10-15 minute stabilisation 
period would ensure stable readings under all circumstances tested this far. On re-examining the data, if a 15 
minute stabilisation period had been permitted at each visit, the mean potentials from a single recording session 
would not be expeced to be any different from those presented from that 'late' tests results detailed above. The 
15 minute stabilisation period was therefore adopted for the later nontinjured and injured subject trials.
6.1.9 Summary
From the three pilot test series, each involving a non-injured subject tested on 4 or 5 separate occasions, there 
appears to be a general pattern which is consistent across subjects, with the knee potentials centered around 
OmV with a relatively narrow range. The lateral and medial potentials are larger (more negative), with a wider 
range.
The cause o f the variation in the mean potential from session to session was not established. This variation was 
considerably greater for Subject 3 than for either Subject 1 or 2. The limited number of test sessions completed 
and the number of subjects involved in this initial test series did not enable the cause of this difference to be 
established. Having conducted this limited test series, the next task was to repeat similar tests on an injured 
subject population to identify the magnitude of the DSSP’s recorded from a different group. More extensive test 
series involving both injured and non-injured subjects were planned following completion of the pilot studies. 
The issues identified (variation of the mean potentials, identification of the ‘normal’ mean potential pattern and 
investigation of possible confounding variables) would be re-examined in these later trials.
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6.2 Injured Subject Pilot Studies
Following the initial pilot studies on three non-injured subjects, a small scale study with injured subjects was 
undertaken which aimed to identify the general differences between the skin potentials derived from a different 
subject group.
The tests were conducted at the authors workplace (West London Institute) from whom permission was granted 
to conduct the tests. Volunteers who had recently experienced an injury (soft tissue) to the lower limb were 
invited participate. A full explanation was offered to all subjects (most of whom were students at the Institute) 
and a signed consent form was completed by each subject. A  total of 9 subjects were recruited in the limited 
time available with a variety of lower limb injuries. Unfortunately, there were few amongst the group who 
presented with a particularly recent soft tissue injury, but as this remained a pilot study for the main tests at a 
later date, all who volunteered were tested.
Subjects were able to attended for between 1 and 4 sessions, and all subjects were assessed clinically prior to 
testing. Assessment included completion of a VAS Pain scale, assessment o f active range o f motion using a 
universal goniometer and measurement of limb circumference. These measurements were repeated at each 
attendance as appropriate.
The measurements made from the initial non-injured subject trials had been from the knees, the medial and the 
lateral electrode combinations. Measurements had not been taken from the ankle electrode pair due to their 
proximity to the increased sudorific activity zones in the foot. During the pilot injured subject study, it was 
reasoned that for subjects with an ankle or hindfoot injury, it would be particularly useful to record the DSSP 
across the ankle as it would be expected to undergo changes associated with the injury and subsequent recovery.
It was further reasoned that the normal (i.e. non injured) ankle potential was expected to be similar in 
magnitude to the knee potential at it was a transverse potential. The medial and lateral potentials had been 
found to be o f greater magnitude and this was thought to be related to the longitudinal arrangement of the 
electrodes, reflecting the skin potential gradients demonstrated on a proximal-distal orientation by both Becker 
(1974) and Foulds and Barker (1983). If the transcutateous skin potentials measured by these workers followed 
a proximal-distal orientation, one would expect the DSSP measured across a limb to be smaller than those 
measured with electrodes arranged longitudinally. In this respect, the differential potential measured at the 
ankle would be more in keeping with the knee than the lateral or medial potentials.
Although the ankle electrode combination had been avoided for reasons of the sweat gland activity, it was 
considered that a differential skin potential measurement made between these electrodes would not be overtly 
affected by changes in sudorific activity as the recording system was designed to measure the difference in 
potential between the sites, not the absolute potentials. A change in sudorific activity which affected both sites 
would not disturb the relationship between them so long as the sudorific changes were symmetrical.
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It was unfortunate that these measurements had not been evaluated in the non-injured subjects who had been 
previously tested, but accepting the omission, it was decided to commence recording from the ankle electrodes 
partway through this test series. For that reason, some subjects in this test series have ankle potentials recorded 
in addition to the knee, lateral and medial combinations.
The basic format of the testing procedure is detailed below, but due to time constraints on some subjects, (e.g. 
lunch breaks, time between lectures), it was not always possible to complete the full test range.
6.2.1 Basic Test Protocol:
- Clinical Assessment/reassessment as appropriate
- TOOS electrodes attached (without skin preparation) to both lower limbs as in the non injured pilot tests.
Electrodes were attached to either side of the knee, on the joint line, midway between the anterior and 
posterior borders and also to the ankle medially and laterally, midway between the malleolar tip and the 
calcaneal border.
- An EMG metal plate reference electrode was attached to the subjects right thigh and connected to Channel 2
(right).
- The environmental temperature (°C) and Relative Humidity (%) were noted
- Skin potentials were recorded on the Archimedes computer with an improved version of the programme used
in the non injured pilot tests ('MOND30'). Data was collected at 1Hz for 10 minutes per test. As the 
magnitude of the potentials from injured subjects was largely unknown, the instrument was used with a 
second stage gain of 1.0, giving a measurable range of ±50mV with a resolution of 0.4mV.
- Whenever possible, the test sequence involved 6 x 10 minute tests (knee, lateral, medial, then repeat). When
time was limited, the initial 3 x 10 minute tests were followed by 3 x 2 minute tests. Some subjects also had 
ankle potentials recorded making 8 tests per session.
- The lead arrangement was the same as that used for the non injured pilot tests (Section 6.7).
- All subjects were tested in the same room, and no disturbances or interruptions occurred during the tests.
Tests were conducted at the same time (or as near as possible) for subject at each attendance.
- Summary results and sample statistics were provided with a custom data analysis package (Programme
RECOV12). In addition, the data was printed so that a bard copy existed as a backup. The data was also 
converted from the internal Archimedes code to ASCII code and transferred from the Archimedes to the PC 
system.
- The data files and hard copy printouts were only identifiable by a subject code. No personal information was
stored on these files. Subjects were made aware of the data security measures that had been taken.
Profiles for die 9 subjects who participated in the tests are shown in Table 6.10
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SUBJECT SEX/AGE INJURY TIME SINCE INJURY
No. Test 
Sessions
1-V B F 31 (L) Ankle (Lateral) 2 weeks 2 (over 5/7)
2 - BA F 31 (R) Ankle (Lateral) 1 day 4 (over 11/7)
3 -C W M 26 (R) Knee (Medial) 1 week 2 (over 3/7)
4-B W F 19 (L) Knee (Antro-medial) 3 weeks 3 (over 6/7)
5 -BP F 34 (L) Ankle (Lateral) 6 days 2 (over 3/7)
6 -C C F 19 (R) Knee (Central deep) Arthroscopy 6/12 and 5/12 2 (over 3/7)
7 -A T M 21 (L) Ankle (Lateral) 2 months and 1 month 2 (over 3/7)
8 -CP M 23 (L) Knee (General) 5 months 2 (over 2/7)
9-L J F 35 (L) Ankle (Anterior) 4 weeks 1
Table 6.10: Profiles o f Subjects participating in the Pilot Injury Study
The main problems arising from this pilot study were (a) the limited time available for the subjects to sit in a 
room and be tested. Most were willing but did not have spaces which were at the same time of day on 
subsequent sessions, (b) during the test period, the majority of the Sports Studies and other degree students 
were on a semester break and were not therefore in the college. This served to limit both the number of 
potential subjects and the rate at which they were getting injured! (c) with one exception (Subject BA) the 
injuries tended to be sub-acute (at best) or chronic in nature. Although there might have been expected to be 
differences in the potentials from a limb with a chronic injury, the main purpose of this pilot series was to 
identify the differences between the non-injured and acutely injured subject potentials. In view of the limited 
sample size available, all subjects who volunteered were accepted for the trial.
6.2.2 Results:
The overall results from the injured subject trial failed to provide evidence of a clear difference between the 
differential skin potentials recorded from non-injured subjects and from those who had experienced a lower 
limb injury.
The differences between the injured and noninjured subject potentials were not as large as had been 
anticipated. The injury model predictions (Section 3.5) were upheld on some occasions but not all.
The mean potentials, clinical assessment data and environmental data from all subject tests are detailed in 
Appendix E. The results from the subjects presenting with the most significant injuries are discussed below 
together with examples of the different graphical representation methods considered for optimal results 
presentation.
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6.2.2.1 Subject BA
The one subject (BA) whose injury was 'ideal' made a first visit on the day following the trauma. The injury 
sustained was a straightforward ankle sprain on the right side.
Summary Data 
Female aged 22
Sprain lateral ligament ankle (Right) 1/7 ago
Range of Movement limited on Right (70° left c/f 43° right)
No measurable swelling at malleolar or midfoot levels
VAS Pain score = 6/10 at session 1,2/10 at session 2 and 0/10 at sessions 3 and 4 
Tested on 4th, 6th, 11th and 14 February 1992
The subject complained of joint clicking and o f the ankle feeling unstable at the first visit The injury was not 
severe and on examination, there was no patent instability. It was considered reasonable therefore to include the 
subject in the trial without prejudice to her future well being. Advice was given with regards ice and exercise 
treatment but no electrotherapy was used in the management of the trauma.
The subject was able to attend for 4 sessions over an 11 day period. On each occasion, two sets o f data were 
collected from each electrode combination, with the second set being 2 minutes duration. Potentials from the 
ankles were recorded for the third and fourth sessions only. The mean potentials calculated from the second 
data set (2 minutes, N=121 readings) on each visit are shown below in Table 6.11 together with the 
environmental data.
ELECTRODE
COMBINATION
L/R SESSION 1 
4/2/92
SESSION 2 
6/2/92
SESSION 3 
11/2/92
SESSION 4 
14/2/92
KNEE L - 6.83 (0.10) - 3.83 (0.18) - 6.80 (0.12) - 9.98 (0.12)
R - 4.82 (0.17) - 5.35 (0.19) - 7.27 (0.12) - 8.20 (0.19)
LATERAL L -15.21 (0.19) -31.85 (0.36) -19.52 (0.17) -20.44 (0.15)
R -21.04 (0.17) -31.04 (0.54) -11.06 (0.16) -12.08 (0.19)
MEDIAL L -30.57 (0.19) -32.87 (0.21) -27.11 (0.20) -34.99 (0.39)
R -27.12(0.24) -31.04(0.29) -34.07 (0.23) -35.94 (0.47)
ANKLE L 0.79 (0.17) 4.15 (0.23)
R 15.93 (0.18) 15.04 (0.19)
Temperature (°C) 18 20 20 21
Relative Humidity (% ) 50 43 49 46
Table 6.11: Mean potentials (mV) with (Standard Deviation) for Subject BA
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When the results are compared graphically with those obtained from the nominjured subject pilot tests, there 
are several similarities and some differences that could be attributed to the injury. Chart 6.13 shows the mean 
potentials from each electrode combination at each session.
Test Session
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Chart 6.13 : Subject BA - Mean potentials from 4 test sessions
As with the non-itijured data, the knee potentials are grouped around the OmV band, and these were not 
expected to change due to the trauma. With the injury affecting the right ankle, and with the damage dominant 
on the lateral aspect o f the joint, the lateral potentials were expected to be affected and additionally, the ankle 
signals when recorded on the last two sessions. Both of these potentials were expected to be more positive than 
the equivalent signals from the non-injured limb. The right lateral signal is more positive than the left on 
sessions 3 and 4 though not for the first two sessions. It was also more positive than had been typically seen in 
the non injured subjects. The affected ankle has a potential which is more positive than the non injured limb 
potential, and is significantly outside the OmV band (taken as ±5mV). With the limited number of non injured 
tests conducted and the lack of previous test data concerning the ankle potentials, it was not possible to make 
categorical statements with regards these differences, but the links between the observed potentials and the 
predicted changes in differential potential on injury (Section 3.5) are consistent.
The changes in the potentials from the injured limb should he demonstrable when compared with the uninjured 
limb assuming that the potentials from the unaffected limb do not also undergo significant changes due to the 
injury.
The strong grouping of the potentials on session 2 is difficult to explain. There were no significant differences 
in either the room temperature or humidity on that day (although the humidity was lower, the difference was
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not large compared with some of the sessions with the non injured subjects). All tests commenced at the same 
time o f days (within 1 hour) and none of the recorded clinical assessment details can be correlated with the 
change in potentials for session 2.
With potentials recorded from several electrode combinations on each limb over several sessions, any graphical 
representation can become cumbersome. An attempt was made to represent the overall pattern of mean 
potentials as a 'kite' diagram, with the four measurements (knee, lateral, medial and ankle) represented on the 
axes, and with each axis having a central zero mV point. The left and right data from the same test occasion 
can then be plotted on this framework, demonstrating either a symmetry (expected in non-injured subjects) or 
an asymmetry (expected for the affected limb in injured subjects). In order for the kite diagrams to work 
visually, all four mean potentials are required. The initial tests on non injured subjects had not included ankle 
potential measurements and it is difficult therefore to compare the data from this subjects with that recorded 
previously. Charts 6.14 and 6.15 shows a pair of kite diagrams for Subject BA on the last two tests sessions 
(which included the ankle data).
KNEE
Chart 6.14: Kite 
diagram for Subject BA 
Session 3 showing 
distortion of potential 
pattern due to injury
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The kite diagrams show an apparent positive distortion of both the lateral and ankle potentials in agreement 
with the theoretical model. One would expect this distortion to be more significant in the early post trauma 
sessions, but the ankle data had not been collected. Although the ‘kite’ format worked well for this subject, it 
was less clear for almost all other subjects, especially those with larger negative potentials which tended to 
group towards the centre o f the plot. The kite diagram was not adopted for the usual method of results 
presentation.
An alternative graphical representation of the mean potentials is shown in Chart 6.16 in which, a grid based 
chart is used, making the overall diagram larger, possibly achieving greater clarity.
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Chart 6.16 : Alternative representation of Subject BA mean potentials from
Sessions 3 and 4
Both the kite diagram and the alternative presentation show that there are similarities between both the left and 
right (injured) mean potentials over the two test sessions when comparing potentials from the same limb. The 
differences between the left and right limb patterns are consistent with the predicted changes for a lateral ankle 
injury, but the differences are not marked and could be part o f a normal variation. Using the grid format in 
Chart 6.16 it can be seen that the right (injured) potential profile appears to be an exaggerated version of the 
non injured profile.
In summary, the subject with the most acute injury has a skin potential pattern which is asymmetrical, and the 
distortion of the pattern could be consistent with the changes predicted by the injury models.
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6.2.2.2 Subject AT
Summary Data 
Male aged 21
Two recent lateral ligament ankle (Left) sprains (2/12 and 1/12 ago)
No measurable range loss or swelling at malleolar or midfoot levels 
VAS Pain score = 2/10 on both occasions 
Tested on 12 and 14 February 1992
Chart 6.17 shows the mean potentials from the left (injured) and right (non-injured) limbs for sessions 1 and 2. 
Ankle potentials were recorded at both sessions.
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Chart 6.17 : Subject AT mean potentials from sessions 1 and 2
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The mean potentials from the lateral and medial combinations of both limbs were smaller (less negative) than 
those recorded from the non-injured subjects. The potentials from the non-injured limb were very consistent 
whilst the injured limb potentials showed a greater variation. From the model, the largest expected changes 
would be in the lateral and ankle signals from the left side. Indeed, the lateral signal on Session 1 is clearly 
different from the non-injured limb, and also differs from the Session 2 left lateral potential. The difference 
between the knee signals (left and right) at Session 1 are not explained by the predictive model as no knee 
potential changes were anticipated. The Session 2 data from the injured limb is similar to that derived from the 
non injured limb. The main difference occurs between sessions 1 and 2 in the injured limb, and when 
comparing limbs at session 1. As previously, no clear correlation could be established between the clinical or 
environmental conditions and the measured skin potentials, though with only two test sessions, it would be very 
difficult to establish a significant relationship. The small differences between the potentials from the injured 
and non-injured limbs may be due to the relatively minor nature of the injury, the time lapse between injury and 
measurement or the insensitivity of the instrument.
6.2.2.3 Subject BP
Summary Data 
Female aged 34
Recent injury (fall) to left lateral ankle (6/7 ago)
Moderate range loss (apx. 1/3). No significant swelling 
Ecchymoisis Left ankle and foot on antero-lateral aspect 
VAS Pain Scores Session 1 = 1.5/10 Session 2 = 1.8/10 
Tested on 11th and 14th February 1992
Chart 6.18 shows the mean potentials from the left (injured) and right (non-injured) limbs for Sessions 1 and 2. 
Ankle potentials were recorded at Session 2 only.
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Chart 6.18 : Subject BP Mean potentials from sessions 1 and 2
The pattern for the two test sessions are again very similar. Ankle measurements were not taken from the first 
recording session. As with subject AT, the predictive model changes are not clearly seen. The left (injured) 
lateral potential is larger (more negative) than the uninjured limb which is not consistent with the changes 
predicted in the injury model. The difference between the knee potentials was not predicted by the model, 
though the expected difference between the ankle potentials was not apparent
6.2.3 General comments from injured subject trial
The pilot injured subject trial highlighted several important issues. Firstly, that the differences between non 
injured and injured subject potentials were not marked (based on a limited sample). Even with an acute ankle 
injury (subject BA) the differences between the mean potentials from the limbs were limited although the 
differences which were observed were consistent with the changes predicted by the injury model. The standard 
deviation for the mean potentials in all tests were low (typically 0.1 to 0.3) suggesting that signal stability was 
good.
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The electrode stabilisation period (Section 6.1.8) for all the subjects tested fell within the 15 minute period, 
most achieving apparent stability within 10 minutes. The inclusion o f ankle potentials in addition to the knee, 
lateral and medial potentials recorded previously was now to become an integral part o f the general 
experimental protocol as it was felt that the addition of this data provided useful information regarding 
electrical potential distribution patterns in the whole limb.
The time taken to compete a test session was a problem as the subjects were unable (rather than unwilling) to 
attend for more than 1 hour. Further development of the test procedure was planned to take account o f this. It 
was anticipated that a complete test series could be completed within 45 minutes if the 'early' and 'late' 
recordings from each electrode combination were no longer required. The main reason for their inclusion had 
been to establish the electrode stabilisation time. It is clear from all the subjects tested so far that stabilisation 
nearly always occurs within the first 10 minutes. Allowing a 15 minute electrode stabilisation time before 
recording commenced would obviate the need for a double set o f tests, thereby saving at least 15 minutes at 
each recording session.
The factors responsible for the variation in potentials from day to day caused some concern. It was not possible 
to identify any consistent correlation with temperature, humidity or change in clinical state. Other 
environmental, physiological or psychological factors may be important in this context, and the next stage of 
the research was to investigate these in more depth.
6.2.4 TW  May 92 Tests
Following the injured subject pilot study, an extended set of tests were conducted in May 1992 with subject TW. 
The aims of repeating these tests were:
a) To compare the magnitude and polarity of the mean potentials with those recorded 5 months previously
(Dec. 91)
b) To include ankle tests for comparison with the injured subject data, and to produce comparable data sets.
c) To evaluate the difference in collecting data at the maximum 11.1Hz compared with the previous 1Hz
d) To see whether the apparently 'normal' potential pattern observed previously is sustained over a two week
period.
A total o f 88 tests were conducted with the data collected on the Archimedes computer from the 2 channel 
system. Data was collected at the maximum 11.1Hz using a modified version of the previous data collection 
software (Programme RAPID30). Data summary statistics were provided by the a slightly modified version of 
the analysis software that had been used for the previous tests (Programme RECOV13). With the exception of 
Day 1, all test procedures were standardised as detailed below. Tests were conducted at the same time of day 
and in the same room on each occasion. The environmental temperature and humidity were recorded at the
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beginning of each test. The reference electrode was an EMG metal plate electrode attached to the right anterior 
thigh, and connected to Channel 2 (right). Tests were conducted daily for 2 weeks.
6.2.4.1 Test procedure:
Cambmac TOOS electrodes are attached to the medial and lateral knee and ankle as previously.
8 tests were conducted at each session, always in the same sequence 
Test sequence: Knee electrodes
Medial electrodes 
Lateral electrodes 
Ankle electrodes 
The sequence is then repeated
These first tests were for 10 minutes each, giving 6660 data points for each limb. The sequence was then 
repeated with each test lasting 5 minutes, giving 3330 data points for each limb.
The lead attachment was the same as for the previous tests with the medial electrodes in the knee and ankle 
tests being connected to the (-) amplifier input, and the knee electrode in the medial and lateral tests connected 
similarly. The reason for altering the test sequence (medial test conducted before the lateral test) was to 
minimise the number of electrode lead changes, therefore reducing the disturbance at the electrode interface.
6.2.4.2 TW  Test-Day 1
The test on day 1 only involved the knee electrodes. Recording commenced immediately following electrode 
attachment and was continued for 1 hour (39,960 readings from each knee). The purpose for this extended 
single electrode combination recording was to consider whether there were any differences between the data 
collected at 11.1Hz compared with previous recordings at 1Hz and secondly to evaluate the stability of a signal 
over a longer period. Chart 6.19 shows the Left and Right knee potentials over the 1 hour test from the time of 
electrode attachment 
(when Time = 0).
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Chart 6.19 : Summary of Test B1 - Knee Potentials over 1 hour with no stabilisation time before recording
commenced
Chart 6.19 shows that the signal reaches its stable phase before 10 minutes even when no electrode stabilisation 
or instrument warm up time was allowed. The 'stable phase' was taken as the point when left and right signals 
started to vary simultaneously. Testing under these conditions represents the worst case in that subject tests will 
normally include a 15 minute stabilisation for the electrodes and at least as long for the instrument warm up, 
hence, signal recording is expected to commence within the stable phase. Following this initial 10 minute 
'unstable’ potential, the left and right signal magnitudes continues to vary, but appear to do so in tandem as 
with previous tests. There are no obvious differences in the signal collected at 11.1Hz and those collected 
previously at 1Hz.
The data analysis included comparison of the mean and standard deviation from data collected at 11.1Hz and 
the same data sampled at 1 data point in 10 which is approximately equivalent to the 1Hz data collection rate 
used in the previous tests. Table 6.12 shows the mean potentials and standard deviations obtained from these 
calculations.
All Data (N=39960) 1 in 10 Data Points (N=3996)
Mean St. Deviation Mean St. Deviation
LEFT KNEE -6.44 2.88 -6.44 2.87
RIGHT KNEE -2.55 1.72 -2.55 1.72
Table 6.12: Summary statistics from TW test day 1 using different samples
Statistically, the mean of the data collected at 11.1Hz does not vary from the data collected at 1 data point in 10 
(t=-0.017 p «0 .0 1 ). Although the data does not differ statistically, the remaining tests in the series were 
conducted with the instrument operating at 11.1Hz because establishing that there was no difference between
Page 6.35
Chapter 6
the mean values does not establish that there is no difference between the signals, but rather that statistically, 
there is no significant difference between the mean potentials. Signal variation may in fact be occurring, but 
may not show in the statistical tests (e.g. a small, regular variation around a fixed point).
6.2.4.3 TW Tests Days 2 to 10
The similarity between the mean potentials from these tests and those collected in the initial TW tests (almost 6 
months previously) was marked. The general distribution of the mean potential magnitudes followed an almost 
identical pattern, with the knee potentials concentrated around the OmV band, whilst the lateral and medial 
mean potentials were larger (more negative). The ankle potentials which had not previously been recorded from 
a non injured subject tended to group around the OmV band as expected (Section 6.2).
The mean potentials recorded from the second test at each session over the 10 days of testing is shown in Chart 
6.20. The graph includes all left and right limb mean potentials for all test occasions and shows that the general 
pattern seen in the December 1991 and January 1992 pilot studies (Subjects TW, DW and JM) is repeated.
Over the two week test period, there does not appear to be a large variation in the general signal magnitude.
test period
Variation the magnitude of the mean signal occurred as previously, although the mean potentials appear to 
concentrate into reasonably well defined bands. The separated left and right limb potential profiles are shown 
in Chart 6.21.
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Chart 6.21: Separated left and right limb potential profiles from Subject TW over the May test series. The 
upper element represents the left limb potentials and the lower element, the right limb.
For most o f the subsequent non-injured and injured subject tests, the combined left/right chart, showing all 
session mean potentials (e.g. Chart 6.20) and the separated left/right potential charts (e.g. Chart 6.21) were 
adopted as the most appropriate graphical method to represent the results.
The factors responsible for this variation had not been identified from the initial pilot work with non-injured 
subjects, but with the increased number of tests in the current series, analysis of changes in potential were 
correlated more confidently with environmental conditions (temperature and humidity).
Only two of 8 possible correlations between mean potential, temperature and humidity proved to be significant 
at the 5% level. It is unlikely therefore that the apparent relationship between humidity and mean skin 
potentials noted for subject TW in the December tests is significant as it has not been shown to he consistent. 
Environmental factors wK?. continuelto be routinely monitored during all subject tests as a more complex 
relationship may exist involving several variables.
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Correlation between the mean potentials for the left and right limbs over the two week test period were also 
checked (e.g. was an increase in magnitude of the left knee mean potential accompanied by a similar change in 
the right knee). Similarly, correlation between any of the mean potentials for electrode combinations from the 
same limb (e.g. left lateral and left medial) were performed. The only significant results (at p<0.05) were for 
the Left knee vs. Left medial (p=0.032) and Right medial vs. Right lateral (p=0.031). From the 28 logical 
correlations, these results represent a small proportion and could not therefore constitute a simple predictive 
relationship between the mean potentials from different electrode combinations. A more complex relation can 
not he excluded on the basis of this correlation analysis.
Comparison between the mean potentials from each electrode combination from the December 1991 and the 
May 1992 tests for Subject TW revealed only one significant difference. This was for the mean left knee 
potentials, and the difference was only just significant at the 0.05 level. The difference between the means was 
not significant at the 0.1 level. The results o f the t tests comparing the mean potentials from the December and 
May tests are shown in Table 6.13
Electrode
Combination
Calculated 
t value
Level of 
Significance (p) Significant?
Left Knee -2.29 0.041 YES
Right Knee -0.79 0.443 NO
Left Lateral 1.12 0.286 NO
Right Lateral 1.90 0.131 NO
Left Medial 0.01 0.996 NO
Bight Medial 0.04 0.965 NO
Table 6.13 : Results of t Tests for differences in mean potential for equivalent electrode combination using
December 1991 and May 1992 test results.
The mean potentials from each test series are shown in Chart 6.22 together with the standard deviation. Each 
centre point represents the mean potential from all tests in the series.
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Chart 6.22 : Comparison of mean potentials (with standard deviation) from December 1991 and May 1992 tests
from subject TW
The results were encouraging in that the mean potentials represent a large body of individual readings which in 
turn effectively represent a ’window' on the electrical potential measured from the skin surface. The May results 
were calculated from a 5 minute test whilst the December results are calculated from 10 minute tests. The mean 
potentials calculated from the shorter test do not appear to be any less useful than the mean calculated from the 
10 minute data. Both the December and May test data used for this analysis were taken from the second series 
of reading at each test session i.e. after electrode stabilisation. In future, subject tests will therefore use a 5 
minute data collection period for each electrode combination commencing after a 15 minute electrode 
stabilisation period. By analogy, this represents looking through a 'smaller window’, but the data suggests that 
this makes no statistical difference to the results. The similarity between potentials recorded almost 6 months 
apart is encouraging and suggests that the differences between the potentials from different electrode 
combinations may represent a physiological phenomenon.
In addition to the routine tests for the electrode combinations listed above, several additional electrode 
combination tests were conducted during the TW May series. These included simultaneous recording o f the 
knee and ankle potentials from the same limb and simultaneous recording of the medial and lateral potentials 
from the same limb. The simultaneous variation that has been regularly observed when comparing left and 
right electrode combination pairs both with the Grass and the 2 channel instrument is not observed when 
comparing the signals from different electrode combinations in the same limb. Essentially, variations in the 
knee potential and the ankle potential (from the same limb) do not occur simultaneously. Neither do the medial 
and lateral signal combination signals. As with the results from the previous test which compared the 
equivalent signals from different subjects (Section 6.1.7), it was encouraging that different signals from one
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subject did not vary in this way. It strengthens the argument that the signals are o f physiological rather than 
environmental or instrument origin. Chart 6.23 shows the potentials recorded simultaneously from the Right 
Knee and Right Ankle in subject TW.
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Chart 6,23 : Example o f two signals recorded simultaneously from the same limb
6.2.5 Summary
The injured subject pilot tests showed strong similarities between the potentials recorded from the non-injured 
limb and those recorded from both limbs of non-injured subjects. The differences between the injured and non­
injured limb potentials were not as marked as had been anticipated. This may be due in part to the limited 
number o f subjects available for testing, and particularly that only one subject presented with a truly acute 
injury.
The differences which were observed are consistent in part with the injury potential model presented in Section
3.5 although there were some unexpected changes that were noted. No significant relationship could be 
demonstrated between the recorded skin potentials and environmental factors (temperature and humidity). 
Links between the clinical assessment results and recorded potentials could not be demonstrated with such a 
small data set.
Re-testing of the skin potentials from subject TW almost 6 months after the initial tests showed very strong 
similarities o f both the potential magnitude and the general relationship of the potentials recorded from each 
electrode combinations. With one exception, there were no significant differences between the mean potentials 
recorded dining the December 1991 and May 1992 test series.
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Simultaneous recording of potentials from two different electrode sites on the same limb failed to show the 
relationships that are observed when recording from equivalent electrode combinations on opposite limbs. This 
result combined with the close links between the previous test series data suggests that in the non-injured 
subject, there is a consistent relationship between the magnitude of the skin potentials and the electrode 
combinations used. The subsequent experimental task was to try and identify the variables that might be 
responsible for the observed variation in the ‘normal’ pattern from day to day.
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7. Environmental, Physiological and Psychological Variables
Analysis of the data collected from non injured subjects (TW,DW, JM), and a limited number of injured subjects 
(Chapter 6) suggests that there may be factors which influence the skin potential other than those already 
recorded. The recorded factors were restricted to minimal details regarding the subjects health and essential 
statistics (age, sex, injury history and clinical assessment details where appropriate) and in addition, the 
environmental temperature and humidity. The results show some differences in the mean skin potentials 
between the injured and non-injured groups, but the differences were not as marked as had been anticipated. 
Variations in mean potentials from an individual subject between different test sessions were noted but could 
not be consistently related to any of the external factors recorded. Differences between individuals had been 
anticipated (which is one of the major reasons for using the non injured limb as a ‘control’ ), but it was apparent 
that both the within and between subject differences required further investigation.
The factors which might exert an influence on the surface skin potential (Section 3.6) were re-examined in the 
light o f the pilot study results and specific procedures were devised to evaluate their effects. It was considered 
that some factors (mainly physiological) would be best evaluated as part of the larger study with non-injured 
subjects (Chapters 8 and 9).
It had been hypothesised that any gross physiological or psychological change occurring in the subject would 
affect aU _ electrode sites equally (Section 3.2). The relationship between the differential potentials from 
equivalent tissue masses in opposite limbs was expected to remain relatively constant even though the absolute 
value of the transcutaneous potential at a particular site might change.
From the simple model of skin surface potential influences (Sections 3.4 and 3.5) it was suggested that 
theoretically, the DSSP could be influenced by the electrical activity of the electrode, skin or the subcutaneous 
tissues at either electrode site, and as such, represents a voltage source interaction.
The experimental hypotheses (Section 1.4) states that for anon-injured subject, when repeatedly tested under 
similar conditions, the Left DSSP and the Right DSSP would be similar on each occasion and that the 
relationship between them would be constant (or at least similar) on different occasions.
The experimental results collected from the initial pilot studies do not wholly uphold this hypothesis. The 
DSSP varied from day to day by 10’ s o f mV on occasions. The relationship between left and right signals does 
suggest that there are common influential factors as they exhibited a common variation (Section 6.1.6). The 
knee potentials tend to be concentrated in a band around the OmV whilst the lateral and medial potentials are
Cif»d
larger (more negative) Jtend to fall in the -25 to -40mV band. It had not been possible to predict these changes 
with any degree of certainty and there were numerous instances when there was a deviation from the general 
pattern.
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There was a need therefore for a more detailed investigation of the factors which could exert an influence on 
the measured potentials and the following discussion considers how various factors (considered in Section 3.5) 
might influence this simple model.
7.1 Factors to Consider in relation to the Measurement of Skin Potential
The factors which could he influencing the skin potential fall into 3 general categories:
Environmental
Physiological
Psychological
An additional group - the Technical Factors have been considered in Chapters 4 and 5. Within each category, 
there are a number of variables which require consideration. Some have been identified from the literature 
together with possible solutions. Others are the result o f theoretical considerations with no direct support from 
the literature.
7.2 Environmental
7.2.1 Environmental Temperature
A change in environmental temperature may he reflected in the thermoregulatory mechanisms of the body if it 
is o f sufficient magnitude (considered in Section 3.6.3). These changes include sweat gland activity alterations, 
blood flow and distribution changes and alteration in the electrolytic concentrations of the sweat
The original experimental rationale considered that it was unlikely that a gross change in temperature would 
affect the sweat glands on one limb differently to those of the opposite limb assuming equivalent tissue masses 
were tested. It is suggested therefore that although sweat gland activity might change, resulting in an alteration 
o f the transcutaneous skin potential level (after Edelberg 1968), the DSSP should remain at a similar level in 
that both electrode sites should be equally affected.
The results of the pilot tests do not show any constant relationship between environmental temperature and 
DSSP. Considering the data from the non-injured subject tests (TW,DW,JM), only one significant correlation ' 
(p<0.05) was found between temperature and skin potential (Subject JM, Left Medial potential over 4 test 
sessions). With the number of tests conducted, it is unlikely that one significant result from 5 weeks testing is 
indicative of a relationship (Section 6.1.6). With the small number of test sessions available from the subjects in
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the pilot injured subject tests, correlation between the mean potential and environmental factors had not been 
possible.
It is possible that there is a more complex relationship between temperature and skin potential involving 
another factor (e.g. humidity or skin temperature). As a consequence of these unknown influences, the 
environmental temperature will continue to he recorded for all tests and included in the subsequent analyses 
using correlation analysis and multiple regression techniques.
7.2.2 Environmental Humidity
Several authors (e.g. Millington and Wilkinson 1983, Grimes 1982) have suggested that relative humidity 
would be expected to affect the transcutaneous potential, though no direct experimental evidence has been 
identified from the literature (Section 3.6.3).
Results from the non-injured subject trials were correlated with the test room humidity. In some instances, a 
change in humidity was reflected by a change in the differential potential, hut these changes were not consistent 
on a within or between subject analysis (Section 6.1.6).
The subject (TW) tests of December 1991 suggest a significant negative correlation between humidity and 
potential (p<0.05 in 50% of tests). Identical tests with other subjects (DW and JM) showed no such relationship 
and a more prolonged series of tests with subject TW in May 1992 failed to repeat the original results (only 2 
significant results from 8 electrode combinations over 11 days, one was a positive correlation and the other was 
negative). The small number of test sessions from the early subject tests make establishing a significant 
correlation difficult and somewhat unreliable. With the extended TW test results giving little support for the 
strength of the correlation, it is considered unlikely to be a critical relationship when considered in isolation. 
Analysis for the injured subjects was not practical due to the small sample size, but as with temperature, the 
environmental humidity will he monitored for all future tests so that more complex relationships can be 
investigated.
7.2.3 Environmental Electromagnetic Radiation
The use o f electromagnetic (EM) radiation of various forms in medicine is widespread. Recent clinical trends 
include the use of much lower energy levels to achieve physiological and therapeutic effects. Additionally there 
is considerable current concern over the effects of electromagnetic pollution (e.g. from radar, computer 
monitors, mobile phones and overhead power lines) on the well-being of the individual (Charman 1991, Becker 
1990).
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Environmental EM radiation levels vary considerably according to many local factors, but it is recognised that 
within the University there are several potent sources of EM fields above and beyond those normally 
encountered (e.g. satellite tracking and communication station). The computer used for data collection is also 
relatively close to the subject and may further contribute to the local EM fields.
The environmental fields cover a wide range of the EM spectrum from a few Hz to many GHz (considered 
further in Appendix F). The measuring devices required to accurately record the EM field strengths in the test 
environment were not available and commercial monitoring was too expensive, thus the exact magnitude and 
frequencies o f these fields remains unknown. The detailed effects of ‘pollutant’ EM fields on the individual 
remains unproved, but evidence is accumulating that significant physiological effects are quite possibly being 
induced (reviewed by Channan 1991, Smith 1988, Coghill 1990). The prospect exists therefore that not only 
could these fields affect the instrument, leads and electrodes but could additionally exert some influence on the 
endogenous electrical activity in the subject
A  basic investigation of the influence that these fields might exert on the measurement system and the subject 
was considered prudent in that variations in the environmental EM radiation could be related to the daily 
variations noted in skin potential. To this end, a basic EM environmental chamber was constructed with the 
intention of enabling both system and subject tests to be conducted with the BM fields if not eliminated, then 
significantly reduced (Section 7.6).
7.3 Physiological
A variety of physiological factors which could be expected to influence the skin potential have been considered 
in some detail and are summarised in Section 3.5).
From the literature, all the effects which have been recorded relate to transcutaneous potential recording and no 
work has been found which describes or hypothesises what these effects might be in terms of the differential 
skin potential.
7.3.1 Electrode Site
The proximity of the electrode to skin with active sweat glands is expected to influence the transcutaneous SPL, 
though the influence on differential skin potentials is expected to be minimal (Section 3.6.1).
Placement o f the electrodes in identical positions for each test is essential for the effects of anatomical sweat 
gland distribution to be minimised. The electrode placement positions were selected on the basis of (a) 
repeatability of placement by virtue of closely adjacent bony landmarks (b) not overlying large muscles in order
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to minimise the risk of EMG signal artefacts even though the instrument included a filter which should 
effectively eliminate these signals and (c) positions which were likely to be influenced by a wide range of lower 
limb soft tissue injuries i.e. including both the knee, ankle and intervening tissues. The selected sites were not 
noted for their high sweat gland concentration,
7.3.2 Local Skin Temperature
In addition to the changes in sweat gland activity due to thermoregulatory mechanisms, differences in local 
skin temperature could be expected to influence the recorded skin potential (Section 3.6.3).
It was not possible to identify from the literature the expected skin temperature differences which might be 
associated with a unilateral soft tissue injury in the lower limb. Clinical experience suggests that a difference of 
5°C would be considered to he quite marked. It was proposed therefore that routine skin temperature 
monitoring before and after the tests would help to establish whether any significant temperature differences 
did occur in both injured and non-injured subjects. This data could then be correlated with the recorded skin 
potentials to establish whether this might constitute a significant confounding variable.
7.3.3 Age and Sex
Changes in the magnitude of the transcutaneous SPL associated with age and sex differences have been 
described in some research reports but not others (Sections 3.6.5 and 3.6.6). Age and sex should not influence 
the within subject variation of the mean skin potential, but may affect the between subjects analysis. No age 
limits or sex discrimination would be imposed on subject recruitment for the trials, but correlation between age, 
sex and mean skin potential magnitude would be considered.
7.3.4 Diurnal and Seasonal Variation
Christie and Venables (1971a,b) have noted that the skin potential level, when recorded with a 0.5% KC1 
electrolyte exhibits a diurnal variation, with a nadir in the early afternoon and a zenith in the evening (Section 
3.6.7). Changes in differential skin potentials due to diurnal variation were not anticipated, but as a precaution, 
subject test sessions in the pilot studies had been carried out at the same time on each occasion (or at least kept 
to within a 1 hour variation). Different subjects had been tested at different times of the day which might he 
expected to affect a between subjects analysis, but for the within subject analysis, diurnal variation was not 
expected to he a significant factor. Future trials would maintain the time restriction although this did reduce the 
number of subjects available for testing especially in the non injured subject trials. No evidence has been 
identified from the literature that the diurnal variation reported in ‘normal’ subjects changes following injury, 
though this remains possible.
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The effects of seasonal variation, weather changes and fluctuations in the earth’s EM field could all be expected 
to influence the transcutaneous skin potential (Section 3.6.7). It is difficult to anticipate how these variations 
could affect the DSSP recorded from one limb and not the other. The repeat testing o f Subject TW after an 
interval of some 6 months gave very similar results with only one mean potential difference which was 
statistically significant (Section 6.2.4). Detailed monitoring of the earth’s EM field was considered to be beyond 
the scope of the current work, and as the expected time frame for the tests involving any individual should be 
confined to a 4 week period, seasonal variation should not exert too strong an influence. However it was 
decided that the barometric pressure on each test occasion would be monitored in addition to the environmental 
temperature and humidity to provide additional data for correlation analysis.
7.3.5 Blood Pressure and Heart Rate
As with the other physiological variables under consideration, changes in the subjects blood pressure and/or 
heart rate may correlate with changes in skin potential, without necessarily ascribing any cause-effect 
relationship. No direct reference has been found in the literature associating blood pressure and skin potential 
measurements. Links have been established between psychological stress and arousal with changes in skin 
potential (Section 2.1) and these are likely to involve alterations in blood pressure. Similarly, heart rate 
variation may correlate with the measured skin potential and both factors warranted measurement if only to 
exclude them as significant factors.
7.3.6 Lean Body Mass
A relationship has been demonstrated between tissue impedance and lean (fat free) body mass (Heitmaim 1990, 
McNeill et al 1991, Komiya 1991, Van-Loan 1990). Measurements of tissue impedance are made from the skin 
surface using applied (exogenous) currents. The relationship between endogenous electrical activity, lean body 
mass and tissue impedance have not been reported in the literature.
Although the lean body mass is not expected to vary significantly from day to day, it is possible that there is a 
correlation between this variable and the general level or magnitude of the skin potential which could influence 
the between subject analysis. This may be attributable to the difference in electrical insulation layer thickness, 
the thickness o f the skin and relative sweat gland activity. In this respect, the lean body mass will be calculated 
for each subject at the initial assessment prior to testing.
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7.3.7 Previous Activity
The physical activity level experienced by the subject in the period immediately preceding the test may have an 
effect on the magnitude or general behaviour of the differential skin potential. Activation of the sweat glands, 
muscular activity, exertion and metabolic alterations may affect the skin potential. It was expected that the 
DSSP will be minimally affected but monitoring o f the activity level in the 1 hour prior to testing will be 
included in future trials.
7.4 Psychological
A significant proportion of the research associated with skin potential activity has stemmed from the work by 
psychologists and psychophysiologists (Section 2.1).
The planned experimentation must take account o f the possible influence o f various psychological factors on 
the DSSP. It was originally hypothesised that any psychological stress or disturbance during the test period 
would have a similar effect on the skin potential at the sites on opposite limbs. This assumption needed to be 
verified by direct experimentation using the DSSP recording system. A limited series o f psychological stress 
tests were conducted in the A  series tests, and additional work was conducted during the B series trial 
(Chapters 8 and 9). During the routine tests, psychological stress was minimised in order to reduce its 
(unknown) effect on the skin potential measurements.
7.5 Experimental Philosophy for Proposed Work
The principle behind the experimental plan was to control, monitor and if necessary, attempt to manipulate the 
variables which had been identified as possible confounding variables. It was considered that it would not be 
possible to control all the variables (e.g. blood pressure, heart rate, barometric pressure), and in these 
circumstances, monitoring was the most realistic approach. Repeated tests under conditions which are as far as 
possible replicable would provide sufficient quality data for analysis.
The main problem with the experimental work was that the general behaviour o f the skin potential when 
measured with a differential technique was largely unknown. The effects of the variables noted above on the 
differential potential are also largely unknown. The combination of these two elements meant that the 
experimental series with non-injured subjects was exploratory and although a general impression of the DSSP 
behaviour had been gained from the pilot work, there were many components which had not yet been isolated 
in terms of their influence.
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Monitoring o f a particular variable which is later found to correlate with a significant change in the skin 
potential does not establish a cause/effect relationship. Manipulation of the variables (using a truly 
experimental design) could establish the strength and importance of the relationship, but without good evidence 
for the relationship in the first place, manipulation does not clarify the situation when so many unknown 
factors are involved. The primary aim of the non-injured subject trials was therefore to record the DSSP, to 
monitor the associated variables which could reasonably be expected to exert an influence on the behaviour o f 
the signals, and following the analysis o f the data, determine which, if any, of the variables would usefully be 
served by conducting manipulative tests.
7.6 Environmental Test Chamber
The need to provide shielding from electromagnetic radiation necessitated the construction of a basic shielded 
chamber as there were no facilities available which could be utilised. The cost o f a basic commercial EM 
chamber was prohibitive (estimated £15,000 - Ray Proof). Shielding (even with an expensive commercial 
chamber) cannot eliminate all electromagnetic noise, but can reduce the levels significantly (Appendix F).
Although a ‘home made’ chamber would clearly not provide maximal protection, following discussion with 
manufacturers and research organisations, it was suggested that a sheet steel construction with a battery 
powered lighting system would be expected to eliminate environmental EM radiation in the range of 10’ s o f Hz 
through to the GHz bands. It is EM radiation in this band which is considered most likely to affect 
physiological systems (Charman 1990, Becker 1989, Coghill 1990) and therefore it was this part o f the EM 
spectrum against which some protection was required.
Aluminium foil and copper foil constructions were considered, but these could only be expected to provide 
protection down to 1kHz. Protection of ELF electric and magnetic fields could only be provided with a double 
skin steel chamber using specialised materials between the steel layers which made this prohibitive on a cost 
basis.
The chamber built for this project was constructed from a commercial sheet steel garden shed (Storemore Ltd, 
Manchester). This consisted a steel frame unit with sheet steel (0.7mm) wall and roof panels. The panels 
overlapped each other by 12 mm, were bolted to each other and to the frame. Figure 7.1 shows the basic 
arrangement of panel/frame attachment.
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Figure 7.1 : Construction of wall/frame joints
This basic structure was supplemented with a 1/16” welded mild steel sheet floor on a wooden base. The frame 
of the shed was bolted to this floor. All joints were further sealed (internally) with aluminium tape in order to 
minimise high frequency EM wave penetration at the junctions in the steel sheets. The sliding door panels were 
set in a recessed floor runner and when closed, overlapped with the adjacent walls by 2cm. Figure 7.2 illustrates 
the door overlap.
Figure 7.2: Arrangement for door recess
The structure was earthed (via the mains trunking) and on testing, it was established that all sections of the 
structure provided a low resistance path to earth. No mains powered apparatus was used in the chamber and 
there was no risk therefore of the subject making contact with mains apparatus and the earthed chamber.
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The steel floor was covered with natural rubber sheeting (3 mm) to ensure that the subject made no direct 
connection with the metal structure. Lighting was provided with a single halogen spotlight, powered by a high 
capacity car battery which was in turn enclosed in a wooden case within the shed to ensure subject safety. The 
Halogen light source is used as it emits a minimal EM field outside the visible part of the spectrum (personal 
communication RAE Famborough). Recharging of the battery was carried out overnight whenever possible to 
avoid the possible increased EM radiation in the chamber associated with the charging process.
A treatment couch was placed in the chamber for the subject to rest on during the tests. Connections through 
the chamber walls for the instrument output were by means of shielded 25 way D connectors cut into a steel 
plate. The pulsemeter signal lead was passed between chamber wall sections as the cable was small diameter 
(3mm) and caused no significant distortion of the panel overlap. The overall chamber dimensions on 
completion were 1.73 x 2.08 metres with a maximum 1.78m headroom. Figure 7.3 shows a general plan of the 
completed chamber.
Figure 7.3 : Plan of test chamber
Page 7.10
Chapter 7
Limited facilities made detailed measurement of the EM field protection provided by the chamber difficult, but 
simple testing was carried out by using battery operated radio and TV sets. Reception in the chamber with the 
doors open was just possible at some frequencies, hut on closure of the doors, it was not possible to achieve 
reception at any frequency in the kHz or MHz hands with the radio. TV reception was not possible with the 
chamber doors closed. The combination of radio and TV broadcast frequencies covers an effective range of 
several 10’s of kHz through to approximately 800MHz. Testing with a battery powered scope inside and outside 
the chamber suggested that mains noise was also significantly reduced.
The purpose of the test chamber was to limit the main EM fields which might affect the instrument and 
particularly, the subject. ELF magnetic shielding had not been attempted and it was acknowledged that the 
simple construction of the chamber could not be expected to achieve the level of shielding attained by a 
commercial structure. It was considered however to provide effective shielding over a wide range of EM 
frequencies which would provide a good indication as to whether there was any significant interference at 
normal exposure levels.
7.7 System Tests
An extensive series of tests were carried out to evaluate the effect of shielding on the instrument, leads and 
electrodes. In addition to shielding effects, the instrument and electrode offset potentials, instrument warm up 
time and matching of Channel 1 and Channel 2 responses were retested. Over 60 tests were conducted using a 
variety of chamber conditions (doors open/closed, lights on/off), system shielding (pre-amplifier boxes and 
main system box lids on/off), shielded and unshielded leads). Tests were repeated in and outside the test 
chamber.
The aims of the test series were:
a) to evaluate differences in instrument offset potentials from Channel 1 and Channel 2 pre-amplifiers.
b) to evaluate the effect of the chamber (doors open/closed) on the instrument offset potentials.
c) to evaluate the difference in recorded offset potential with different lead types,
d) to evaluate the effectiveness of instrument shielding (pre amplifiers and main system box).
e) to establish the system warm up time.
f) to measure the electrode offset potentials under shielded and unshielded conditions
g) to evaluate the effect of chamber shielding on the instrument by means of comparative tests conducted inside 
and outside the test chamber.
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The Archimedes computer system was not used for data collection as a 486 PC was now available for data 
collection and analysis. The software used previously with the Archimedes was converted and upgraded for the 
PC using Turbo Basic (Section 4.3).
The experimental sequence (Tests 1-28) is summarised in Table 7.1 below. Tests 21-28 were a repeat of tests 
11-18. Tests 29 - 40 (not shown in the table) involved electrode and system warm up tests whilst tests 41 - 60 
involved tests in and outside the chamber for comparison.
Test 3 involved a prolonged (45 minute) system test, but due to data analysis limitations, it was not possible to 
use the data (60,000 data points). The data from Tests 19 and 20 was not used as an intermittent pre amplifier 
lead fault had been identified and subsequently corrected.
TEST
LEADS REF
LEAD
LIGHTS BOX SHIELDING DOOR
ORDERCH-1 CH-2 MAIN CH-1 CH-2
SHED 1 S s CH-1 OFF YES YES YES c/o/cSHED 2 s s CH-1 OFF YES YES YES c/o/c
SHED 4 s s CH-1 OFF YES YES YES c/o/cSHED 5 s s CH-1 OFF YES YES YES o/c/o
SHED 6 s s CH-1 ON YES YES YES o/c/o
SHED 7 s us CH-1 OFF YES YES YES c/o/c
SHED 8 us s CH-1 OFF YES YES YES c/o/c
SHED 9 s us CH-1 Off YES YES YES c/o/c
SHED 10 s us CH-1 OFF YES YES YES c/o/c
SHED 11 s us NONE OFF YES YES YES c/o/cSHED 12 S(to CH2) US(to CHI) NONE OFF YES YES YES c/o/c
SHED 13 s us NONE OFF NO NO NO c/o/cSHED 14 S us NONE OFF NO NO NO c/o/c
SHED 15 S us NONE OFF YES NO NO c/o/c
SHED 16 S s NONE OFF YES YES NO c/o/c
SHED 17 s s NONE OFF YES NO YES c/o/c
SHED 18 s s NONE OFF NO YES YES c/o/c
SHED 21 s us NONE OFF YES YES YES c/o/c
SHED 22 S(to CH2) US(to CHI) NONE OFF YES YES YES c/o/c
SHED 23 S us NONE OFF NO NO NO c/o/c
SHED 24 S us NONE OFF NO NO NO c/o/c
SHED 25 S us NONE OFF YES NO NO c/o/cSHED 26 S s NONE OFF YES YES NO c/o/c
SHED 27 s s NONE OFF YES NO YES c/o/c
SHED 28 s s NONE OFF NO YES YES c/o/c
Table 7.1: Experimental sequence for Tests 1-28 
(Leads - S = Shielded; U = Unshielded) 
(Door Order - C - Closed; O = Open)
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7.7.1 Channel 1 vs Channel 2 differences
Aim: to determine whether there was any significant difference in the magnitude and behaviour of the shorted 
lead potentials derived from the two pre-amplifiers (designated Channel 1 and Channel 2).
Little difference was expected as the two preamplifiers had been built from ‘identical’ components.
Null Hypothesis (Hn) : that there is no significant difference in the magnitude of shorted lead potentials from 
Channel 1 and Channel 2.
Significance p<0.05
The instrument was placed in the chamber with shielded leads connected to both pre amplifiers. The leads were 
shorted at their free ends (no electrodes connected). The amplifiers were set to maximum gain (giving a 
resolution of 0.02mV). Tests were of 21 minutes duration, divided into 3 equal 7 minute sections. Data was 
collected at the maximum 11.1Hz giving N=13986 in 21 minutes. The door condition (open/closed) was varied 
for the three phases of the tests (Table 7.1).
Tests 1, 2,4,5 and 6 provided data when each preamplifier was exposed to identical conditions. Shielded leads 
were used on both channels. The chamber lights were off except Test 6. Chamber doors were either 
closed/open/closed or open/closed/open for the three test phases, but clearly would affect both amplifiers in the 
same way.
Results:
Differences in the mean potentials from each channel over the whole 21 minute tests were tested by way of a 
two sample t test (equal variance). Equality of variance was confirmed by a F ratio test (F=1.63 p=0.30 - no 
significant difference in sample variance). The t test demonstrated no significant difference in the mean offset 
potentials from Channel 1 (CH-1) and Channel 2 (CH-2) over the 5 tests (t=-0.84, p=0.42, N=5). The mean 
potentials for each individual test (CH-1 vs CH-2, N=13986) gave significant differences (p<0.01). This is in 
part attributable to the large sample size. The CH-2 mean potential was the greater in all but 1 test. The mean 
difference in offset potential was 0.009mV.
Conclusion:
There was no significant difference in the mean potentials from CH-1 and CH-2 over the test series. Although 
the individual test results were statistically significant, the difference in offset potential was very small and was
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not considered to be a critical factor in relation to the expected size of the potentials which would be recorded 
from subjects. The instrument would be used at minimum gain for these tests, giving a resolution of 0.4mV 
which is some 40 times greater than the difference in the offset potentials.
7.7.2 Chamber Shielding
Aim : to determine whether there was any significant difference in the mean offset potentials recorded with the 
chamber doors open or closed.
Null Hypothesis (Ho): that there is 110 significant difference in mean offset potential with chamber door 
position.
The data from Tests 1,2,4, 5 and 6 used in the previous analysis was also used in this instance. Each set of test 
results included door open and door closed potentials which were analysed separately in order to test for door 
condition differences.
Results:
The mean potentials for each channel under each condition were calculated, and the two data (all door open vs. 
all door closed) sets compared by means of a two sample t test (equal variance). As previously, equality of 
variance was confirmed with an F ratio test (F=1.06 p=0.48 - no significant difference in sample variance). The 
t test demonstrated no significant difference in mean offset potentials with door condition (t=-0.10, p=0.92 
N=5).
Data was further tested using data from each channel separately to establish whether CH-1 and CH-2 were 
affected individually, and that the effect was being masked in a combined test Two sample t tests confirmed 
that neither channel was affected by the door condition. The t test results are summarised in Table 7.2.
Channel t p(2 tail) Significance
Both channels -0.10 0.92 No significant difference
Channel 1 -0.002 0.99 No significant difference
Channel 2 -0.003 0.98 No significant difference
Table 7.2: Summary results of 2 sample t tests for door condition
Conclusion:
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The door condition (open/closed) does not appear to have an effect on the mean instrument offset potential. The 
pre-amplifier and main system boxes are shielded and therefore environmental EM radiation is not expected to 
significantly affect the operation of the instrument. These results suggest that either the shielding provided by 
the chamber is effective even with the doors open, that the instrument shielding is effective without the need for 
the shielding offered by the chamber or that the differences made by the door condition are too small to be 
established from the tests. As with the CH-l/CH-2 tests previously, the data was collected with maximal gain, 
thus the smallest instrument resolution. During subject tests, minimal gain is employed and the instrument is 
not expected to respond to chamber door condition.
7.7.3 Lead type
Aim : to determine whether the use of shielded/unshielded leads made a difference to the recorded offset 
potentials.
Null Hypothesis (H n ): Test lead shielding makes no difference to the magnitude of the offset potential with the 
leads shorted.
Shielded leads had been used in the pilot subject tests as lead shielding was considered to provide some signal 
protection prior to amplification, thus helping to improve the signal to noise ratio and minimise noise. Tests 7- 
11 and 21 involved the use of shielded leads (standard) to one channel and equivalent length unshielded leads 
to the other channel. Offset potentials were recorded with the free lead ends shorted as previously, and under 
both chamber door open and closed conditions.
Results:
The summary results of the tests are shown in Table 7.3
Mean Offset Potential (mV)
Test Shielded leads Unshielded leads
7 0.0031 0.0366
8 0.0087 0.0039
9 0.0520 0.0050
10 0.0250 0.0061
11 0.0256 0.0287
21 0.0123 0.0269
Table 7.3 : Summary results of Shielded/Unshielded lead tests
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The difference in mean offset potential between the lead conditions was tested by means of a two sample t test. 
Sample variance was tested with F ratio test (F=1.47 p=0.34 - no significant difference in sample variance). 
Two sample t test did not demonstrate a significant difference between mean offset potentials using different 
leads (t^0.35 p=0.73 N=6).
This test had included data from doors open and doors closed conditions. It was possible that the lead shielding 
was only affected during the doors open condition, so the two sample t test was repeated using data from the 
same test series, but only under doors open conditions. The results are shown in Table 7.4.
Mean Offset Potential (mV)
Test Shielded leads Unshielded leads
7 0.0030 0.0361
8 0.0086 0.0040
9 0.0489 0.0053
10 0.0260 0.0066
11 0.0262 0.0290
21 0.0126 0.0269
Table 7.4: Mean offset potentials using shielded and unshielded leads (doors open only)
The two sample t test result shows that under doors open conditions, there is still no significant difference in 
the mean offset potential when comparing shielded and unshielded leads (t=0.48 p=0.64 N=6).
Conclusion:
Within the test chamber, lead type does not appear to make a difference to the magnitude of the mean offset 
potential. The door condition (open/closed) does not affect the shielding. As previously, a difference may exist, 
but is not detected due to the general shielding effect of the chamber even with the doors open or alternatively, 
due to lack of sensitivity on the part of the instrument Repeat tests (Section 7.9) compared the in chamber 
results with outside chamber results.
7.7.4 Instrument shielding
Aim : to evaluate the effect of pre amplifier and main system box shielding on the offset potentials.
Null Hypothesis (Hn) : Pre amplifier and main system box shielding has no effect on the mean offset potential.
Page 7.16
Chapter 7
Tests 16-18 and 26-28 involved removal of either one of the pre amplifier box lids or the main system box lid 
and measuring the instrument offset potentials under doors open/closed conditions.
Results:
The mean potentials and standard deviations from the appropriate tests are shown in Table 7.5.
Test
CH-1 mean 
potential (mV)
Standard
deviation
CH-2 mean 
potential (mV)
Standard
deviation
Main Box and CH-2 Hds ON. CH-1 lid OFF
17 Doors Closed 0.0035 0.0071 0.0064 0.0056
17 Doors Open 0.0032 0.0072 0.0067 0.0056
27 Doors Closed 0.0021 0.0082 0.0185 0.0103
27 Doors Open 0.0021 0.0082 0.0186 0.0103
Main Box and CH-1 lids ON. CH-2 lid OFF
16 Doors Closed 0.0043 0.0060 0.0054 0.0054
16 Doors Open 0.0041 0.0061 0.0053 0.0054
26 Doors Closed 0.0033 0.0071 0.0184 0.0103
26 Doors Open 0.0034 0.0069 0.0181 0.0104
CH-1 and CH-2 lids ON. Main Box lid OFF
18 Doors Closed 0.0040 0.0063 0.0057 0.0055
18 Doors Open 0.0039 0.0065 0.0059 0.0055
28 Doors Closed 0.0025 0.0079 0.0188 0.0102 ;
28 Doors Open 0.0026 0.0077 0.0186 0.0103
Table 7.5 : Results from system box shielding tests
This complex set of results provides information regarding the offset potentials from the instrument with and 
without box shielding, under doors open and doors closed conditions.
Channel 1 Shielding : The results from tests involving CH-1 box shielding are the least conclusive. Using two 
sample t tests, the effects of doors open/closed condition were evaluated against mean offset potential. The 
difference in potential with door condition was significant during Test 17 (t=2.39 p=0.017), with the larger 
offset potential arising when the doors were closed. An equivalent t test for CH-2 (box lid on) for the same test 
session (17) showed that there was also a significant difference in CH-2 offset (t=-3.30 p=0.001) with the larger 
offset during the doors open condition. If any difference was shown it was expected that the offset potential
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would be larger with the box lid off. Hie results from Test 17 are contrary to this hypothesis. The meaning of 
these results are unclear as the repeat session (Test 27) showed no significant difference in mean offset for 
either channel (CH-11=-0.26 p=0.80, CH-21=-0.27 p=0.79) which is more consistent with the expected 
behaviour. The difference in potential for CH-1 with the shielding compromised is small in relation to the 
proposed subject testing instrument resolution of 0.4mV. The inconsistency of the test results combined with 
the resolution differences for the system and subject tests suggests that any difference which does exist would 
have a minimal effect on the subject test results.
Channel 2 Shielding : The CH-2 results were much more consistent. The results from Tests 16 and 26 both 
demonstrated that there was no difference in the mean offset potential recorded from CH-2 with the lid off 
under doors open/closed conditions (Test 161=0.58 p=0.56, Test 261=1.75 p=0.08).
Main System Box Shielding : As with CH-2 results, the main system appeared to be unaffected by removal of 
the box lid. This was anticipated as the signal had been amplified by this stage and should be less susceptible 
to EM radiation. The differences in doors open/closed mean potentials for both CH-1 and CH-2 with the main 
box lid removed were not significant at p<0.05.
In addition to comparing the results from different elements of the same test, a comparison was made between 
equivalent tests with variations in system box shielding.
Taking both CH-1 and CH-2 data from tests 17 and 27 (CH-1 box lid removed, CH-2 lid in place) there was a 
significant difference between the'mean offset potentials from each channel. The difference between the means 
was 0.009mV with CH-2 giving rise to the larger potential. As this is the same as the difference between the 
two channel offset potentials (Section 7.7.1) when all shielding is in place, it is quite likely that this is due to 
the previously noted difference in CH-1 and CH-2 offset potentials and not a shielding effect
Comparison of the pre amplifier mean offset potentials with the lid on vs. the lid off conditions showed no 
significant difference for CH-2 (mean difference = 0.004mV) and a marginally significant difference for CH-1 
(mean difference = 0.009mV). The effects of system box shielding appears to be minimal when tested within 
the EM chamber. The differences that were demonstrable are small with respect to the resolution of the system 
when operated during subject tests. It was decided that the instrument box lids would remain on during testing.
7.7.5 System warm up time
The instrument offset potential was measured on three occasions during the test series from the time of power 
up instead of the routine 15 minute minimum delay. Shorted shielded leads were used, and the instrument was 
sited in the test chamber. On each occasion, the system had not been used for a minimum of 24 hours.
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The instrument offset potential was recorded from both channels over a 1 hour period, with data recorded at a 
slow rate of 1.1Hz. From the three sets of test data, the mean offset potentials at 1 minute intervals were taken 
from the data and are presented in Chart 7.1. The reason for using a Y axis scale of O.lmV is to put the offset 
potential into some context It was recorded at maximal gain (resolution 0.02mV), but as previously, when the 
offset potential is compared with the LSB resolution at the expected subject test operating gain, giving a 
resolution of 0.4mV, the potentials are not significant.
The mean initial offset (Time = 0) for the three tests was 0.03 lmV (SD 0.025). The mean offset at 60 minutes 
was O.OlOmV (SD 0.02). A two sample t test for equal variance (confirmed by F ratio test F=2.41 p=0.58) 
failed to demonstrate a significant difference between the initial (T=0) and final (T=60) offset potentials 
(t= 1.246 p=0.281).
vxts voereA 15 minute warm up period { incorporated into the subject trials. Whilst the electrodes j stabilising, the 
instrument be powered up and a channel checking routine and calibration test performed.
7.8 Electrode Tests
A series of electrode offset tests (Tests 29 - 40) were conducted with TOOS electrodes connected face to face as 
previously (Section 5.3). Potentials were recorded with the pre amplifiers set to maximal gain, giving a 
resolution of 0.02mV and data was recorded at a slow rate (1.1 Hz) over a 1 hour period from initial connection.
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Some tests were conducted with the chamber doors closed (N=10) and a smaller sample with the doors open 
(N=4).
Chart 7.2 shows the mean electrode potential over the 1 hour period (with 1SD error bars) with the data from 
the 14 routine tests.
Time (min)
Chart 7.2 : Mean electrode offset potentials from 14 tests
The electrode stabilisation pattern appears to follow an exponential curve as previously, and in keeping with the 
earlier results, it would appear that by 10-15 minutes following connection, the offset potential can he expected 
to have achieved its stable level. The mean offset potential for the period between 15 and 60 minutes (the most 
appropriate period for the subject tests) is -0.025mV (SD 0.003).
The standard deviation of 0.003mV is the deviation of the mean, not the deviation of the whole data. The SD 
for the potentials at each 1 minute interval averages O.lmV for the 15 to 60 minute period. The offset potential 
for any pair of electrodes at any time between 15 and 60 minutes can therefore be predicted based on Normal 
probability theory. 95% of offset potentials will fall within a ±1.96SD range either side of the mean. If the 
mean offset potential for this period, including the data from all 14 tests is -0.025mV and the typical SD at any 
time point during the same period is O.lmV then 95% of electrode offset potentials would fall in the range of - 
0.22 to +0.17mV*
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If 95% of all electrode potentials fall within this range, then with the instrument set at minimal gain (xl) and 
therefore an LSB resolution of 0.4mV, the electrode offset potential is unlikely to contribute more than 1/2 LSB 
to the signal which was part of the original specification (Section 4.2).
The electrode potentials with the chamber door closed were compared with those recorded with the doors open. 
The separate data plots are shown in Chart 7.3.
MEAN (Doors 
Closed)
MEAN (Doors 
Open)
4
60
Chart 7.3 : Mean electrode offset potentials under doors closed (N=10) and doors open (N=4) conditions
The results of a 2 sample t test comparing the mean potentials under the two test conditions (using 15 to 60 
minute data) fails to show a significant difference between the mean potentials (t = 1.35, p = 0.20). It is 
concluded therefore that there is no significant difference between the electrode offset potentials with the doors 
open compared with the potential recorded with the doors closed beyond the 15 minute stabilisation period. The 
summary data are shown in Table 7.6.
Chamber condition No of Tests Mean (mV) SD
Doors Closed 10 -0.024 0.005
Doors Open 4 -0.028 0.005
Table 7.6: Summary of Door open/closed electrode potentials
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7.9 Comparative Tests outside the Test Chamber
A series of system tests were conducted under a variety of conditions both inside and outside the test chamber. 
Tests 41 to 52 consisted of two comparable test series with Tests 41 to 46 conducted in the chamber, measuring 
instrument offset potentials with doors open/doors closed and shielded/unshielded leads. They were run back to 
back over a 3 hour period. Tests 47 to 52 employed the equivalent test protocol but outside the chamber and 
were carried out on the same day with a 2 hour interval between the test series. The results of these tests are 
summarised below. The mean offset potentials are compared under the varying conditions with accompanying 
charts to illustrate the differences. Each test was for 21 minutes (in keeping with the previous tests) and data 
was collected at 11.1Hz. A 15 minute warm up period was allowed before the first test in each series and the 
instrument was not switched off between tests. A summary of the test protocol for Tests 41-46 is shown in 
Table 7.7.
Lead Type
Test CH-1 CH-2 Door Condition
41 SH SH CLOSED
42 SH SH OPEN
43 UNSH SH CLOSED
44 UNSH SH OPEN
45 SH UNSH CLOSED
46 SH UNSH OPEN
Chamber lights ON and Box Lids ON throughout
Table 7.7: Chamber Tests protocol 
(where SH = shielded and UNSH = unshielded leads)
The lead condition (shielded/unshielded) followed an identical sequence in Tests 47 to 52. Clearly the door 
condition was not applicable for Tests conducted outside the chamber.
Mean Potentials from Channels 1 and 2
Charts 7.4 and 7.5 show the mean potentials (with standard deviation error bars) from Channels 1 and 2 with 
shielded leads (shorted) and no electrodes attached.
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Chart 7.4 : Mean potentials (with standard deviation error bars) Channel 1 under various conditions
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Chart 7.5 : Mean potentials (with standard deviation error bars) Channel 2 under various conditions
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As previously noted, the offset potentials from the Channel 2 amplifier were greater than those from Channel 1, 
with the differences achieving a significant difference (t=-4.099 p=0.001). The difference in the offset 
potentials from each channel averages 0.009mV which although statistically significant, is not likely to have a 
major influence on the skin potential measurements made from subjects with the instrument operating at 
minimal gain.
The mean offset potentials from the tests conducted outside the chamber appear to be marginally smaller than 
those obtained within the chamber. With the large standard deviations associated with each mean (especially 
for CH-2), this apparent difference can not be shown to be significant (2 sample t test for equal variance; t=- 
0.558, p=0.59). The reason for the outside potentials being smaller than the in chamber potentials is unknown. 
Hie movement of the instrument from one location to the other may have influenced the offset potentials as 
may the time differences between the tests. It is possible that when testing outside the chamber, but in close 
proximity to it, the large metal structure acts as a sink for the EM fields, thereby distorting the normal situation 
in that environment.
Mean Potentials from Shielded and Unshielded Leads
The effect of lead shielding both within and outside the chamber were tested. The mean potentials (and 
standard deviations) from each test combination are shown in Charts 7.6 and 7.7.
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Chart 7.6 : Mean potential (and standard deviation) from Channel 1 tests under differing conditions. (S =
shielded and U = unshielded leads)
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Chart 7.7 : Mean potential (and standard deviation) from Channel 2 tests under differing conditions. (S =
shielded and U = unshielded leads)
The mean potentials from both Channels appear to be smaller with unshielded leads than from the comparable 
test with shielded leads. The standard deviation associated with each mean is large which results in a non 
significant difference when tested statistically. Differences for the ‘in chamber’ tests showed no significant 
difference with lead type(t=-0.353, p=0.742), nor did the equivalent tests outside the chamber (t=0.483, 
p=0.639).
Although the instrument offset potentials appear to be smaller with the unshielded leads, it was unclear 
whether this was due to the different lead construction or a different effect of EM interference. Although the 
leads were of the same length and were fitted with the same connections, there was a difference between the 
lead materials (the shielded lead was a co-axial cable and the unshielded lead was a simple single core narrow 
gauge wire with thin plastic sleeving).
The differences between the lead types is consistent across the test series, but the absolute differences in offset 
potential attributable to lead differences are small, especially in relation to the expected instrument LSB of 
0.4mV during subject tests.
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Future subject tests would use the shielded leads in order to provide shielding against EM environmental 
radiation. The price to pay for the shielding appears to he a slight increase in the instrument offset potentials, 
but not one which is significant in relation to the signals measured from subjects.
Overall, the differences in instrument offset between the two channels, with different door conditions, 
comparing in chamber with outside chamber and comparing shielded with unshielded leads are not sufficiently 
large to invalidate subject test results given the difference in magnitude between the subject differential skin 
potentials and the instrument offset potentials.
The offset potentials recorded outside the chamber may have been influenced by the presence of a large 
metallic, grounded structure. As mentioned above, the chamber may have acted as a sink for the local EM 
radiation or simply distorted the field. As direct measurements of the E and H fields could not he made, it was 
unknown whether there was actually a comparable intensity and type of EM radiation in the different parts of 
the room containing the chamber. The results give very acceptable offset levels for the instrument and the 
electrodes. They fall within the specification discussed in Section 4.2 and testing the subjects in the chamber 
offered the possibility of establishing whether the EM fields do exert some influence on the recorded skin 
potentials. The magnitude of EM effects on the instrument have been established (at least in general terms) 
allowing such a comparison to he made.
7.10 Additional Environmental Tests
In addition to the routine system and electrode tests conducted in this series, three additional tests were carried 
out in which deliberate electrical interference was introduced close to the recording system. Test 40 involved a 
routine TOOS electrode test, during which the electrostatic field of an X-Y plotter was switched on a few cm 
directly underneath the electrodes (though not actually touching the electrodes or the leads). The electrode 
offset potentials were recorded for a period prior to the introduction of the interference and continued with the 
interference source switched on. The electrodes used in the test had already reached their stable potential. There 
was no difference in the electrode potential from either channel following the introduction of the EM 
interference when shielded leads were used.
A later test (Test 57) involved the placement of a computer monitor (colour) close to the electrode pairs with 
the whole test system outside the chamber. The monitor was switched on part way through the test No change 
in the electrode offset potentials were recorded (again, shielded leads were used).
The monitor test was repeated (Test 58) with the leads shorted (no electrode attached). As with the previous 
tests, no difference was recorded when the monitor was switched on during the test.
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These deliberate introductions of strong local EM fields appears to show that the measurement system, shielded 
leads and electrodes are relatively immune to local EM fields. It is suggested that these strong local sources 
must have exerted some influence on the measurement system, but that the shielding of the leads and system 
boxes is sufficient to prevent their disturbing the recorded potentials.
7.11 Conclusions
The overall results of the tests involving the shielded chamber showed that the instrument appears to be 
relatively immune to environmental EM exposure. The difference between Channel 1 and Channel 2 offset 
potentials, although statistically significant, were in fact very small (mean difference = 0.009mV) in 
comparison with the anticipated LSB (0.4mV) which utexe.routinely used for the subject tests.
The test chamber door position (open/closed) and the different lead types (shielded/unshielded) also failed to 
show statistically significant differences. The instrument shielding appears to be effective within the test 
chamber even when one or more parts of the shielding is compromised.
The instrument warm up tests showed that the initial instrument offset (at power up) was small (mean 0.03mV) 
with little change during the 1 hour following.
The electrode offset potentials recorded within the test chamber were smaller than had been found previously 
(Section 5.3) though the reason for the difference is unknown. It mat be due to differing electrode batches or 
due to the chamber effects. The mean electrode offset potential was 0.025mV once the electrodes had achieved 
their stable level (by 15 minutes). There was little variation in the electrode offset between the 15 and 60 
minute points. Using the normal distribution characteristics together with the data collected from these tests, it 
is anticipated that 95% of all electrode potentials will fall within 1/2 LSB at the operating gain during subject 
tests.
The effect of the shielding offered by the test chamber on the instrument appears to be minimal. The effect on 
the subject had not been determined at this stage, and the subsequent subject test series was designed to identify 
the magnitude of the EM and RF influence on the subject (if any). If the potentials recorded from the subjects 
did not appear to be overtly affected by the shielding, further test series would be conducted without the 
chamber as this would make experimentation significantly more practical.
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7.12 Subject Test Protocol
Following the identification of several physiological variables which may be related to the skin potential 
variations, the subject testing protocol was modified and submitted to the University Ethics Committee for 
approval. A copy of the approval letter is included in Appendix G. Appropriate instruments were identified and 
secured for these recordings to be made. Where appropriate, comparative measurements were made between the 
instruments to be used in the tests and instruments which were known to be calibrated and reliable. The test 
instruments were not always the most advanced of their type, but had characteristics which suited the aims of 
the tests, and were available or were within the project budget
7.12.1 Initial Assessment (NonTnjtired Subjects)
At the initial visit, subjects were given a written information sheet to read which outlined the nature of the 
work, the procedures that would be used during the tests and highlighted that the subject could withdraw at any 
time during the tests. An informed consent form was also given to the prospective subject which they would 
have to sign in order to participate in the project Copies of the information sheet and the consent form are 
included in Appendix G.
Personal details were collected at this initial visit included age, sex, height and weight (self reported). 
Occupation, leisure/sports related lifestyle activities, smoking and drinking habits were also recorded. Specific 
questions relating to lower limb musculoskeletal injury in the preceding 6 months were also asked, together 
with a more general question about the individuals health, medication and any current medical problems. It was 
considered that all of these factors could reasonably bear some relevance to the skin potentials measured, 
particularly previous injury and general health. A copy of this form is also included in Appendix G.
7.12.2 Estimation of Lean Body Mass
At the first visit, an estimation of the individuals lean body mass (LBM) was made. Although the lean body 
mass can be estimated using bioelectric impedance methods (Heitmann 1990, Van Loan 1990, Baumgartner et 
al 1990), it was decided to use a manual (skinfold thickness) method as the effect of the introduction of a small 
current into the tissues was not known and may influence the skin potential readings to follow, A recent 
comparative study by McNeill et al (1990) compared six different methods of estimating the body fat content 
and found that for both lean and obese subjects, the bioelectric impedance method offered little or no 
improvement over the traditional skinfold thickness technique. The skinfold method gave the most consistent 
results with the exception of MRI which was not a realistic proposition for the current study.
The technique proposed and validated by Dumin and Wonnersley (1974) was adopted for this purpose as it 
appeared to be the most widely used and accepted method. The manual method involves the measurement of
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skinfold thickness at 4 anatomical sites (biceps, triceps, scapular and suprailiac). The same sites were used in 
both male and female subjects.
Special skin callipers were used to make these measurements (Harpenden Skinfold Callipers). These callipers 
had been calibrated by the manufacturers before the trial and a certificate of calibration obtained. The callipers 
offer a standard compression to the skinfold of 0.098 N/mm2 independent of the fold thickness and were 
therefore considered to he more reliable than other callipers which offered no control over the pressure applied. 
Measurements were made from dry skin with the subject relaxed. The measurements over the biceps and triceps 
were made with the subject seated, and from the scapular and suprailiac regions with the subject standing. All 
measurements were made from the right side of the body using the following standard technique:
- Skin and superficial subcutaneous tissues lifted away from underlying structures with thumb and forefinger
- Callipers aligned perpendicular to the skinfold and released gently
- Skinfold thickness recorded 1-2 seconds after the grip release
- Each skinfold was recorded three times and recorded on a chart and a mean value for each site calculated
From the skinfold thickness measurements, the Body Density (BD) was calculated using the equation reported 
by Dumin & Wormersley (1974) and using specific age and sex related constants for C and M in Equation 1. 
These have been derived from large sample linear regression studies and are tabulated in Appendix G. The 
body density value was then entered into a second equation to give a value for the %Fat (Equation 2). The Lean 
Body Mass can he simply calculated by subtracting the %Fat from 100 (Equation 3). The tables are included in 
Appendix G.
BodyDensity = C - M Logio(Total Skinfold Thickness) (1)
where Total Skinfold Thickness = sum of 4 mean skinfold measurements
Some of the students involved in the non-injured subject tests had been involved in prolonged LBM 
measurements as part of Sports Science courses and already knew their LBM values. The LBM measures taken 
at the initial assessment were compared with these values in the interest of validity. It was found that for all 
subjects for whom such data was available, there was a very good match between the skinfold thickness derived 
LBM value and the LBM value obtained during their undergraduate studies.
(2)
where BD = Body Density from Equation 1
Lean Body Mass = 100 - %Fat (3)
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7.12.3 Assessment of Activity Level
At each visit, it was considered useful to gain an indication of the activity level which the subject had 
experienced in the preceding period It was possible that there might be a general shift in the skin potentials 
recorded following a vigorous activity compared with those recorded following a relatively restful period. To 
this end, an ordinal activity scale was devised, and the subject was asked to indicate the most appropriate 
activity level which was applicable for the preceding 1 hour. The scale was presented on a typed card with 
intervals as indicated in Table 7.8.
0 Sleeping
1 Sitting / Resting / Working Quietly
2
3 Mobile but not Strenuous
4
5 Strenuous Physical Activity
Table 7.8 : Ordinal Scale of Previous Activity
The scale was tested on several potential subjects in the department and was easily completed by all concerned. 
The deliberate omission of statements against numbers 2 and 4 was to allow sufficient flexibility for subjects to 
give a best impression of their activity levels. If all numbers had been allocated to a specific statement, it might 
have been too restrictive.
7.12.4 Measurement of Heart Rate and Blood Pressure
The heart rate and blood pressure needed to be recorded both in the initial resting phase (see below) and during 
the tests themselves. In the initial phase, the blood pressure and heart rate could be monitored simultaneously 
by using a semi automatic sphygmomanometer (either OMRON HEM 515-C or OMRON HEM 700-CP). Both 
of these units enable the pressure cuff to be inflated to a pre-set level, with automatic monitoring of the systolic 
and diastolic pressures with the cuff deflating at a prescribed rate. The advantage of using this type of monitor 
is that it provides a consistent measurement method for all subjects on all occasions. The pressure was always 
recorded from the right arm. The mean pulse rate during the period over which the blood pressure was recorded 
was also displayed on the monitor.
In order to record the heart rate during the skin potential recording tests, it was necessary to use an automatic 
recording device which could operate within the chamber but be read from outside the chamber so that the 
subject was not disturbed on each occasion a reading was taken. Several devices were considered including a 
radio transmitter device attached to a wrist strap relaying the information to a readout unit outside the chamber.
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This was unsuitable for two reasons. Firstly, the effect of the RF transmissions on the skin potentials were 
unknown and secondly, the shielding effect of the chamber made recording impossible.
A TUNTURI TPM-400 digital pulse meter was evaluated for use in the subject tests. It is a battery powered 
unit, the main unit could be placed outside the chamber and with a wire link leading to a sensor device which 
used a low powered light beam passing through the tissues to identify each pulse (the light beam is interrupted 
during ventricular systole). The display on the readout unit gives the mean pulse rate based on the time 
intervals between the preceding 6 pulses. The use of this type of device would enable the heart rate to be 
recorded from outside the chamber with no direct electrical energy used at the sensor and no need for mains 
powered devices within the chamber. The effects of visible light (EM) radiation at the sensor device was a 
possible confounding variable, but no evidence had been identified in the literature to suggest that low level non 
coherent visible white light was capable of inducing physiological responses or alteration in the endogenous 
bioelectric activity levels.
One problem was that the sensor clip was designed to be attached to the ear lobe which was a long way from 
the recording station (Figure 7.3 in Section 7.6). The clip could be easily attached to the right little toe and 
appeared to give an appropriate readout. The heart rate measured with the Tunturi attached to the right little 
toe was compared with the reading obtained from the standard ear lobe attachment and additionally with a 
Cardionics Heart Rate Monitor using standard chest electrodes. The results of the tests are included in 
Appendix H. The correlation coefficients were very high (r=0.989), with no significant differences in the 
readout from the two units or between the Tunturi device used at the ear or the toe.
A report in the literature in which the reliability of the Tunturi device had also been tested (de C Marcelino 
1992) found that the meter offered very high correlations with both ECG and manual techniques. This served to 
confirm the results of the correlation study with the Cardionics meter. It was decided therefore to use the 
Tunturi device attached to the toe for subject tests.
7.12.5 Measurement of Core and Skin Temperature
Monitoring of the skin temperature at intervals during the test sessions had been identified as a further useful 
measure. Continuous monitoring of the skin temperature could only by carried out with devices that used a 
small electrical signal or passive LED stick on thermometers. The need to avoid continuous electrical input into 
the tissues has been highlighted and was therefore not considered viable. The passive LED devices would 
necessitate the operator to enter the chamber to record the temperature which was acceptable but the devices 
were expensive and had a resolution of 1°C which was rather crude. A digital thermometer (Craftemp ET 2545, 
Astra Tech, Stroud, Glos) was evaluated. The instrument uses a disposable probe at the tip of which is a thick 
film thermistor coated in plastic coated paper, which can either be taped to the skin surface or placed under the 
tongue. To obtain a reading, the readout device (battery powered) is clamped to the base of the probe and a
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small current (10mA) is passed through the probe. The current passing through the thermistor does not pass 
into the skin. The digital readout of the temperature (°C with 0.1°C resolution) is stable in less than 1 second. 
The time for which the current needed to be applied to the probe in order to achieve a stable reading was tested 
with several subjects at several sites. The temperature recorded at 1 second was identical to that recorded with 
longer periods (up to 30 seconds), as long as the probe had been in place for at least 3 minutes. A small field 
may develop at the probe tip even without the passage of a current through the subjects skin. Given the small 
current (10mA) and the very brief period during which the current is passed, the compromise was considered 
acceptable. The readout unit has an onboard microprocessor which runs a self calibration check before each 
use. In addition, the unit was calibrated by the manufacturers on purchase and complied with their accuracy 
standard set of better than 0.1 °C which was acceptable for the purposes of these tests.
The skin temperature was recorded during the initial rest phase and at the end of the test session but was not 
recorded during or between the skin potential measurements (to avoid possible contamination of skin potential 
readings).
Skin temperature probes were placed on the anterior lower thigh (left and right) over the suprapatellar region 
and the ankle surface probes were placed over the talocrural joint line, midway between the malleoli. The 
probes were held in place with thin paper based tape (Micropore, 3M Healthcare)-
7.12.6 Measurement of Skin Resistance
A Skin Resistance Meter was available for the subject tests, and it was considered reasonable to measure the 
skin resistance (SR) at the electrode sites before the tests. The relationship between skin resistance and tissue 
healing has not been reported in the literature. The reason for not measuring the SR at frequent intervals during 
the tests was firstly, it was most appropriate to measure the SR at the electrode site which would involve 
electrode removal and secondly, that in order to measure SR, a current must be passed through the skin. 
Although this current is small, it remains possible that its measurement may influence the DSSP.
Hie meter (Dermatron Skin Resistance Meter, Raymar Electronics) was used to record the SR at each electrode 
location before the electrodes were attached. Each measurement took only 2-3 seconds, using a constant applied 
voltage (1V) and with the magnitude of the current flow therefore kept to a minimal level (typically less than 
IftA)).
The resistance was recorded at the 8 electrode sites once the subject had entered the chamber, and before the 
electrodes were placed. It was not recorded at the end of the tests as the application of electrolyte to the skin 
would certainly have altered the SR level and the change in SR between the start and end of the test session 
would be dominated by the hydration of the epidermis and associated resistance changes (Section 2.1). It was
Page 7.32
Chapter 7
intended that the pre-test SR level would be correlated against the mean skin potential in order to establish 
whether any relationships existed.
7.12.7 Modified Test Protocol
The subject test protocol was developed to include these physiological measurements whilst incorporating the 
procedures which had been developed during the pilot tests. Each test session (attendance) was to be at the 
same time of day for each subject The session was divided into 4 phases :
1) A 15 minute rest period in the room adjacent to the test chamber
2) A 20 minute stabilisation period within the chamber
3) Recording of the skin potentials from the electrode sites (20 minutes)
4) Removal of electrodes and confirm next attendance (5 minutes)
The total time taken for each attendance was approximately 1 hour which subjects found acceptable.
The sequence of physiological and electrical tests was identical for all subjects on all occasions. A standard 
record form was designed to ensure the procedure was identical, which was especially useful during the early 
tests when the sequence was not familiar. The protocol was piloted with 2 subjects (DW and JM from previous 
pilot tests) who would not be participating in the main tests. There were minor changes made following this to 
facilitate a more practical test sequence without compromise to the validity of the tests. The session test 
protocol record sheet is reproduced in Appendix G and the session sequence is detailed below.
Initial Rest Period (Time = 0 to 15 minutes)
The initial rest period ensured that all subjects experienced a period of minimal activity prior to testing. 
Subjects were encouraged to remain seated though they were free to read if they wished. Subjects changed into 
shorts towards the end of this time. During the rest period, several baseline physiological measurements were 
taken and details collected.
Sequence: Note last food and drink intake
Record activity in preceding 1 hour
Note any change in injury or health state from initial assessment 
Measurement of HEART RATE and BLOOD PRESSURE 
Measurement of ENVIRONMENTAL TEMPERATURE and HUMIDITY
Test Chamber Stabilisation Period (Time = 15 to 35 minutes)
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The subject moved into the test chamber and rested on a treatment couch covered in a natural fibre blanket. The 
first set of physiological measurements were made immediately followed by attachment of the electrodes, 
thereby allowing at least 15 minutes stabilisation before the first electrical test. Electrode skin sites were not 
prepared (washed, alcohol wiped or abraded) before electrode attachment. The instrument was also powered up 
at this stage to ensure it was fully wanned up. As previously, subjects were free to read if they wished.
Sequence: Subject into test chamber, resting on couch
Chamber TEMPERATURE and RELATIVE HUMIDITY noted 
SKIN RESISTANCE recorded at each electrode site 
Cambmac TOOS electrodes attached to the 4 sites on each limb 
EMG reference electrode to Right anterior lower thigh 
Skin temperature probes attached to 2 sites on each limb 
Oral skin temperature probe placed under the tongue 
HEART RATE and BLOOD PRESSURE recorded 
Skin TEMPERATURE recorded (at 4 sites)
ORAL (CORE) TEMPERATURE recorded 
Pulsemeter probe attached to Right little toe and function checked 
Chamber TEMPERATURE and HUMIDITY recorded 
HEART RATE and BLOOD PRESSURE recorded 
Instrument output to computer checked and recording 
of known magnitude signal for calibration
The time between temperature probe placement and temperature recording was at least 3 minutes. The interval 
between the first and second heart rate and blood pressure recordings was at least 10 minutes.
Skin Potential Recording (Time = 35 to 55 minutes)
Skin potential recording commenced at T=35 minutes. The sequence of the electrode pairs was the same for all 
subjects on all occasions. During each test, the chamber doors were closed and the operator remained outside 
the chamber. No conversation was conducted during this part of the session other than to check that the subject 
was OK between each individual test The operator had to enter the chamber at the end of each 5 minute test to 
move the electrode leads to the new electrode combination. The chamber temperature and humidity were noted 
at this time.
Sequence: Leads attached to KNEE electrodes
(medial electrode on each limb always connected to the (-) input the 
preamplifier)
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Channel 1 always used for Left limb electrodes
Reference electrode always connected to Channel 2 (Right) amplifier
Data collected for 5 minutes at maximal rate (11.1 Hz)
(giving N=3331 readings per channel per 5 minute test)
Pre-amplifier (variable) gain always set to 1
(giving a total gain of x50). This gave an effective input
range of ±50mV with a resolution of 0,4mV.
Immediately on completion of the KNEE electrode recording, 
the heart rate was noted (before entering the chamber).
Whilst the data was being saved to disc, the operator entered the chamber and the electrode leads were moved 
to the next pair, the chamber TEMPERATURE and HUMIDITY noted and subject comfort checked.
This sequence was repeated for each electrode combination (4) in the series.
A) Knee electrodes (Medial = (-))
B) Medial electrodes (Knee = (-))
C) Lateral electrodes (Knee = (-))
D) Ankle electrodes (Medial = (-))
where (-) represents the electrode which was attached to the inverting pre amplifier input.
The heart rate was always noted on completion of the 5 minute test, before the operator entered the chamber. 
This was deliberate in that the subjects were unaware of exactly when the recording started or finished. The 
inevitable heart rate rise when the operator entered the chamber did not influence the recorded heart rate.
Final Measurements and Electrode Removal (Time = 55 to 60 minutes)
On completion of the 4 electrode combination tests, the chamber TEMPERATURE and HUMIDITY were 
recorded, the SKIN TEMPERATURE at each of the 4 probe sites was recorded (the probes having been left in 
situ throughout the tests), the HEART RATE and BLOOD PRESSURE were noted. Whilst the electrodes were 
being removed and the skin wiped, the next appointment time and date were checked, and the subject 
encouraged to report any discomfort or unease during the tests. Test results were not made available to the 
subjects during the test series. Interested subjects could see the summary graphs at the end of the test series if 
requested.
Page 7.35
Chapter 7
7.12.8 Management of Psychological Factors
The relationship between psychological stress and the transcutaneous skin potential level has been identified as 
being significant (Section 2.1). The rationale for the use of the differential skin potential measurement system 
(Chapter 3) was in part developed to overcome the expected changes in potential due to stress changes. The 
differential potential was expected to respond minimally to changes in stress state as both electrode sites of a 
pair were expected to be affected equally. Manipulation of psychological stress levels was considered to he an 
essential element of the test process, but it was decided that a more detailed overall picture was required before 
such manipulations could be considered.
At this stage, the changes which coincided with manipulation of stress levels could not he clearly differentiated 
from variations in the signal which were possibly occurring due to other factors. For this reason, the subject 
being tested was allowed to rest as much as they wished. They were allowed to read during the tests if they 
wished to do so though active cognitive work was discouraged (i.e. writing and note taking). Conversation was 
limited to the necessary without the investigator appearing to he disinterested. The test room and chamber were 
quiet, and individuals not involved in the testing were not permitted to enter the area during the test process. It 
was hoped that this combination would help to reduce the stress levels associated with the test procedure.
During the ‘A’ and ‘B’ series tests (Chapters 8 and 9) some individuals were exposed to deliberate 
manipulation of stress levels in order to assess the effect on the DSSP. These results could he considered 
against those obtained when no overt stressful stimuli had been presented.
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8. Noirlnjured Subject Tests - The A Series
8.1 Introduction
Two test series were conducted involving non-injured volunteers, using the protocol described in Section 7.12. 
The first of these took place at the University during November and December 1992. Nine subjects (all 
volunteers from the Department) were tested on a series of occasions. Two of the subjects were unable to attend 
for sufficient sessions, and so only 7 complete data sets were collected. Some of the subjects were able to return 
for further testing in February 1993 at which time, some tests were conducted outside the test chamber so that 
comparison could be made between the results.
A second test series was then conducted at the West London Institute where both Non-injured and Injured 
subjects were recruited, totalling 30 subjects. As with the University tests, the basic protocol was adhered to 
with the exception that the West London trial did not involve the use of the test chamber as the University 
retest results established that it was not essential (this is discussed more fully in Section 8.9).
For clarity, the tests conducted at the University are referred to as the ‘A’ Series tests whilst those at the West 
London Institute are referred to as the ‘B’ Series tests.
8.2 Subject Trials at University - the A Series
The aims of these tests were:
a) To establish the magnitude and pattern of differential skin surface potentials (DSSP’s), recorded from
several subjects over an extended time frame.
b) To compare the results with those obtained from the pilot studies
c) To investigate the relationships between the variation in skin potential signals, the environmental and
physiological factors identified in Chapter 7.
d) To consider the ‘normal’ skin potential pattern for the lower limb in non-injured subjects and to identify the
strength of this relationship
Subjects were recruited on the basis that they should be able to attend for a minimum of 3, and preferably 6 
sessions over a 2 to 3 week period. Exclusion criteria were minimal, as any injured subject who volunteered 
would be tested. Any subject who was or might be chWstrophobic was not enrolled. Tests for an individual 
subject were planned for the same time on each occasion (within 30 minutes).
As the test series progressed, some minor changes were made to the test protocol in the light of experience
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Room Temperature: Some subjects found that sitting in the adjacent room (and in the chamber) for the 
combined rest and test periods in shorts was uncomfortable (especially given the time of year). A domestic fan 
heater was used in the rest room to maintain an acceptable temperature. If the subject was not comfortable, a 
natural fibre blanket was provided. The fan heater was also used to warai the test chamber prior to the tests. It 
was NOT left on inside the chamber during the tests, and even in the prededing period, the heater itself was 
kept outside the chamber to minimise the EM radiation. This combination was sufficient to warm the subjects 
and to prevent discomfort. The main disadvantage was that the relative humidity in the chamber tended to drop 
when the fan heater was used. No humidity control or regulation was attempted. The chamber temperature and 
humidity were monitored frequently throughout the test period in order that a full evaluation could be 
conducted when the relationship between skin potentials, temperature and humidity was investigated.
Lead Noise: The electrode leads which were used for the Left (Channel 1) side snappd on 26 November. It was 
repaired but as a result, the left limb readings for the subsequent few days were very noisy. On investigation, it 
was found that some strands of the co-axial cable shielding were intermittently making contact with the core of 
the cable. This was immediately corrected, but as a result, several sets of collected data are deemed to be 
unreliable (Al Session 6, A3 Session 2, A6 Session 1, A2 Session 4, A4 Session 3, A5 Session 2 and A7 
Session 1). The results from these sessions tas'enot been included in the analysis.
System Modifications : Whilst investigating the lead noise, a complete system check and calibration was 
carried out Several minor adjustments were made which affected the gain (variable) stage settings. As a result 
of these changes, the software routines for data retrieval and analysis had to he modified slightly. The data 
collection software remained the same and there was no substantive difference between the data collected before 
and after the alterations.
As additional precautions, the new and current electrode packs were stored in the chamber. The chamber doors 
were kept closed between tests. During testing, the light was always on and Subjects were uot permitted to eat 
or drink during the recording time.
A summary of the number and dates of the test sessions, together with a summary of the subjects profiles in 
included in Tables 8.1 and 8.2
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Trial
Code
Session 1 Session 2 Session 3 Session 4 Session 5 Session 6 Test Time
A l 10/11 +8 +10 +13 +14 +17 2 pm
A2 19/11 +4 +7 +11 +14 +21 4 pm
A3 23/11 +7 +14 1 pm
A4 24/11 +2 +7 +9 +14 +16 9 am
A5 26/11 +5 +12 +16 +19 +21 1 pm
A6 30/11 +7 +10 +14 +17 3 pm
A7 2/12 +2 +9 +12 +14 +16 10 am
A8 3/12 +5 +7 +12 +14 10 am
A9 3/12 1 pm
Table 8.1 : Test Session attendances for A Series Subjects (start date plus increments from start date in days)
SUBJECT Sex AGE L/R
Handed
HT (cm) WT (kg) S-Fold Body
Density
Fat %
A l M 29 R 179.0 70.1 40.0 1.0618 16.17
A2 F 26 R 177.8 70.0 53.0 1.0363 27.68
A3 M 49 R 177.8 75.0 42.2 1.0480 22.30
A4 M 26 R 177.8 76.4 32.9 1.0670 13.82
A5 M 24 R 177.8 60.0 19.4 1.0820 7.61
A6 F 24 R 176.5 78.3 71.4 1.0270 32.00
A7 M 26 R(L) 186.7 78.3 22.1 1.0780 9.18
A8 M 22 R 177.8 65.0 28.0 1.0720 11.90
A9 M 32 R 176.0 76.4 46.0 1.0500 20.70
Mean 25.3 178.6 72.2 39.4 1.058 17.93
SD 2.22 3.16 6.40 16.33 0.019 8.36
Table 8.2 : Summary of main anthropometric data for A Series subjects 
8.2.1 A Series Results
The detailed results for each subject are included in Appendix I.
With the exception of Subjects Al (who was injured during the course of the tests) and A6, the results of the 
test series were very consistent The potential profile (taking the mean potentials from each electrode 
combination at each test occasion) shows a general pattern with the knee and ankle mean potentials grouped 
around the OmV band, whilst the medial and lateral potentials are larger (more negative) (see Section 9.4 for 
detailed analysis). When all mean potentials are plotted on a single chart the same profile is seen for subjects 
A2, A4, A5, A7 and A8. The profile for Subject A6, although non-injured is not consistent with those of the
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other subjects and is discussed in more detail below. A typical profile (from Subject A5) is shown in Chart 8.1. 
The mean potentials from both left and right limbs are shown together with no differentiation. The chart serves 
to illustrate the overall pattern of the ‘normal’ non-injured potential profile.
Chart 8.1: Summary results Subject A5 (non injured)
Subject Al, who injured both right and left knees between Sessions 2 and 3 presents a less compact profile 
which is shown in Chart 8.2. As previously the left and right limb potentials are shown together.
Electrode Combination
Chart 8.2 : Summary results Subject Al (injured)
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There appears to be a difference between the two profiles which was encouraging at this stage of the work. The 
medial potentials from Subject Al were less tightly grouped which could be consistent with an injury involving 
both the left and right knees.
Subject A6 who was non-injured throughout the tests also provided a potential profile which was unusual. The 
variables that were monitored during the tests (environmental and physiological) provided no indication of a 
reason for the difference in profile. Chart 8.3 shows the overall profile for Subject A6.
Chart 8.3 : Summary results Subject A6 (non injured)
The knee potentials in particular are seen to have a much wider range, but also the lateral and to a lesser extent 
the medial potentials. The deviation from the ‘normal’ potential profile is more marked than for the injured 
Subject Al. These three summary charts represent the renge of results from the A Series tests with the first 
chart (Subject A5) being the most representative.
Separation of the mean potentials into those arising from the right and left limbs provided additional 
information and typical examples are shown in Charts 8.4 and 8,5 (from Subject A7).
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Chart 8.4: Subject A7 - potential profile left limb
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Chart 8.5 : Subject A7 - potential profile right limb
Although the left and right profiles are different, there are repeating patterns within each profile. The variation 
in the mean potentials can be seen over the 6 test sessions. The knee and medial potentials appear to exhibit a 
common variation pattern. For example, the right knee and medial potentials increase (more positive) at 
Session 2, reduce again at Sessions 3 and 4, increase again for Session 5, decreasing to Session 6. The lateral 
and ankle potentials appear to vary similarly. The common variation is less clear for the left limb data. This 
common variation between electrode pairs was seen for most subjects in the A Series, with the knee and medial 
potentials paired and the lateral and ankle electrodes paired. This was an unexpected finding as the transverse 
(knee and ankle) potentials were expected to behave similarly as were the longitudinal (medial and lateral)
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potentials. No reason can be identified for this patterning, and the fact that it was repeated in several 
subjects suggests that it is more than coincidental even given the small samle size.
The common variation between matched potentials from opposite limbs was very close in some instances 
(which had been anticipated). Chart 8.6 shows the lateral mean potentials from Subject A8 over the 5 test 
sessions. The potentials vary from session to session, but the left and right limb potentials behave very 
similarly. This is a good example of the common variation, and gives a correlation coefficient of 0.955 
indicating a very strong positive correlation (discussed in more detail in Section 9.8). Not all subjects gave this 
high level of correlation between matched potentials, and with the 7 subjects in the series, 19 out of200 sets of 
results provided correlations of this strength. The reasons for the non-conformity of the other potentials are 
discussed in some detail in Section 9.8,
Chart 8.6 : Mean potentials for the lateral electrode combination for Subject A8 over 5 test sessions
The normal non-injured profile therefore has a number of elements. Firstly, the knee and ankle potentials fall in 
a band around the OmV level whilst the medial and lateral potentials fall in a band around the -20 to -40mV. 
This is consistent with the skin potential model discussed in Chapters 2 and 3, with the larger potentials being 
associated with longitudinal measurements. The second feature is that there is a variability in the mean 
potential from a single electrode combination over the test series. This was greater than expected and could not 
be related to variation in the environmental or physiological variables monitored (the full analysis is included 
in Section 9.8). Thirdly, that the variability of the left and right limb potentials were not directly comparable 
although within a single limb profile, there was a common presentation with the knee and medial potentials 
behaving similarly, as do the lateral and ankle potentials. The experimental hypothesis of no difference between 
equivalent left and right limb potentials at the same session, nor between equivalent potentials at subsequent 
sessions have not been upheld and the relationships between the 8 measured potentials do not appear to be
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simple. Five of the six non-injured subjects present with these common profile features which were generally 
consistent with the findings of the pilot studies (although the ankle potentials had not been recorded and direct 
comparison was therefore not possible).
The injury to Subject Al between Sessions 2 and 3 was fortuitous. He experienced an injury whilst playing 
squash and suffered abrasions to the left and right knees with the right knee injury the worse of the two. No 
knee instability or effusion was identified on examination and the test series continued without active 
treatment. The overall profile (Chart 8.2) has been presented already. On separating the limb potentials (Chart 
8.7) the effect of the injury on the profile can be seen.
Test Session
—♦ — L KNEE 
- « — L MEDIAL 
- • — L ANKLE 
—A— L LATERAL
Test Session
■ R KNEE 
■R MEDIAL 
■RANKLE 
■R LATERAL
Chart 8.7 : Separated left and right limb mean potentials for Subject Al over the 6 test sessions. Both knees 
were injured between sessions 2 and 3 (left data for Session 6 was void).
The knee and lateral potentials can be seen to diverge at Session 3 (post injury), returning to a common 
variation at Sessions 4-6. Hie ankle potentials appear to be unaffected by the injury. The medial potentials 
show a common variation except for Session 2 (pre injury) where the right medial potential appears to deviate
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from the pattern. It is difficult to rationalise how this variation in potential could act as a predictor of the injury 
to follow and remains unexplained. With both knees injured it is difficult to make conclusive comments 
regarding this particular pattern, but the difference (in the knee and lateral potentials) between the pre and post 
injured test results supports the basic hypothesis that the DSSP would be influenced by the injury. In this 
instance, the trauma was minimal and would not warrant therapeutic intervention. It was anticipated on the 
basis of these results, that more severe injuries would result in a greater disturbance of the normal pattern 
which would be more amenable to analysis. At this stage of the experimental work, these results were taken as 
a positive indication that the injury hypothesis was tenable at least in principle. The pre injury effect on the 
medial potential could not be explained in terms of the measured variables. That the medial potential 
disturbance at Session 2 (pre injury) was very similar to the injured limb disturbance at Session 3 (post injury) 
was interesting, possibly devaluing the changes seen in the post injury measurements..
Subject A6 was the one subject whose profile was not consistent with the general pattern for the non-injured 
subjects and whose profile disturbance could not be related to an injury.Chart 8.8 shows the separated electrode 
combination potential profiles for Subject A6 and it can be seen that the disturbance to the normal profile 
appears to be attributable to the knee and lateral potential, particularly from the right limb. The ankle and 
lateral profiles are close to the normal pattern. That the knee and lateral potentials should behave similarly is 
inconsistent with the results from the majority of the A Series subjects where the common variation was 
generally seen with the knee and medial combinations. The environmental and physiological variables recorded 
at the time of the tests provide no indication of abnormal or unusual values at these tests and the results remain 
an enigma. Given the limited number of subjects in the A Series, it was not possible to establish whether this 
unexplained potential variation was part of the normal pattern or not. Later results from the B Series tests were 
to provide similar examples of these ‘random’ potential variations, but Subject A6 provided the only example 
in this first series. It is unlikely that the variation is truely a random event or an instrumentation problem, but is 
most likely related to an unrecorded factor or variable which exerts a unilateral influence on some occasions but 
not others. It is unfortunate that the left data from Session 1 is unavailable (due to the electrode lead giving rise 
to high noise levels) as this may have contributed to determining the cause of the variations.
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Chart 8.8 : Subject A6 mean potentials separated by electrode combination
Having established a probable normal potential profile for non-injured subjects, a more detailed analysis of the 
results was carried out in order to identify, if possible the relationships between the potentials from different 
electrode combinations and also between the mean potentials and other factors monitored.
8.3 Analysis of A Series Results
The analysis of the A Series tests includes several components. Firstly, the general distribution and descriptive 
statistics for each electrode combination (knee, medial, lateral and ankle) are considered.
The second component involves three main correlation analyses which aimed to investigate the possible 
relationships between the various potentials, environmental and physiological variables employing both linear 
and non linear techniques. The use of multiple regression techniques is included in this section which considers 
the possibility of a more complex, multi factor relationship.
The third part of the analysis uses 2 way analysis of variance techniques to establish whether the differences in 
mean potentials were significant both by session and by electrode combination.
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8.4 Overall Distribution of Mean Potentials
From the effective subject group of 7, a total of 40 test sessions were carried out At each session there were 4 
tests (one for each electrode combination). From each of these tests, a sample of N=3331 readings were 
collected from each limb, giving a total in excess of 1 million readings.
The 3331 readings from each electrode combination at each test were reduced to the descriptive statistical terms 
(mean and standard deviation (which are detailed in Appendix I), and it is these values which are used for 
further analysis. The standard deviation for each data set (from one limb at a single test) was small relative to 
the sample size, and this suggests that the potentials do not vary to any great extent over the 5 minute test 
period.
The mean potentials from each test on each subject were combined to produce a series of scattergraphs and 
summary statistics which are shown on the following pages (Charts 8.10 to 8.13). For each electrode 
combination, the data from 70 individual tests from the 7 subjects in the A Series are presented. Ten samples 
from each electrode combination were lost due to equipment failure (detailed with the A Series results). The 
charts include both the left and the right limb data, which are not differentiated). The results from Subject Al 
are included in the compilation of the typical potential profile as the differences described could he part of the 
normal pattern and can not at this stage be ascribed solely to the injury.
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8.4.1 Knee Potentials
Statistics:
Mean 0.6 mV
Standard Deviation 8.1mV
Middle 50% -2.8 to 2.9 mV
95% Range -13.8 to 17.0 mV
Table 8.3 : Summary statistics for knee potentials
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8.4.2 Medial Potentials
Statistics :
Mean -18.9 mV
Standard Deviation 9.8mV
Middle 50% -25.4 to -14.6 mV
95% Range -35.5 to 1.4 mV
Table 8.4 : Summary statistics for medial potentials
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8.4.3 Ankle Potentials
Statistics:
Mean -1.0 mV
Standard Deviation 5.3mV
Middle 50% -3.9 to 2.3mV
95% Range -10.6 to 8.8 mV
Table 8.5 : Summart statistics for ankle potentials
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8.4.4 Lateral Potentials
Statistics:
Mean -22,8 mY
Standard Deviation 10.2mV
Middle 50% -28.4 to -17.5 mY
95% Range -39.3 to-1.2 mV
Table 8.6 : Summary statistics for lateral potentials
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8.5 Normal Pattern of Mean Potentials in Non-injured Subjects
The mean potentials from each electrode combination (using left and right limb data from all 7 subjects in the 
A series tests) are shown in Chart 8.14 together with standard deviation error bars. The ‘normal’ pattern, 
previously considered in the pilot tests is seen again here with the knee and ankle potentials close to zero mV, 
whilst the medial and lateral mean potentials are larger (negative), close to the 20mV line. The standard 
deviation magnitude for each mean potential is similar for the medial and lateral potentials, with the ankle 
potentials showing the least variation.
Chart 8.14: Mean Potentials (with SD error bars) for each electrode combination
In order to compare the relative variability of the data, the coefficient of variation (CV) statistic can be 
employed. The use of the CV enables data from different samples to be compared for their variability. The 
fundamental problem with the CV is that when the mean approaches zero, the applicability of the statistic fails. 
With both the knee and the ankle mean potentials close to OmV, the CV cannot usefully be employed to 
describe the relative variability of the potentials. To illustrate the point, the CV for the A series mean potentials 
is shown in Table 8.7. The coefficient of variation would normally give a smaller value for a less variable data 
set. The ankle data is the most closely grouped, as can be seen from the scattergram and the standard deviation. 
The CV for the ankle data however suggests that it is in fact one of the more variable - this is an example of the 
failure of the CV to describe the relative variability of a data set with a mean value close to zero.
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Electrode
Combination
Mean Potential (mV) 
(N=70)
Standard Deviation Coefficient of 
Variation
Knee 0.614 8.077 13.15
Medial -18.899 9.801 0.519
Lateral -22.757 10.206 0.448
Ankle -1.010 5.270 5.218
Table 8.7 : Mean, Standard Deviation and Coefficient of Variation for A Series Data 
8.6 Goodness of Fit for Normal Distribution
In order that appropriate statistical analysis methods can he applied to the data, it is important to establish 
whether the potentials can he shown to reasonably follow a Normal (Gaussian) distribution. With a sample size 
of 7 subjects, it is possible that the samples may not clearly reflect the Normal distribution, even though taken 
from a population with a Normal distribution. The simplest method for establishing whether the data can be 
said to be Normal is by plotting a histogram and a cumulative % plot for the potentials and assessing the data 
distribution visually (Altman 1991). The cumulative % line should follow an S shaped curve if the data is 
Normally distributed. Charts 8.15 to 8.18 show combined histogram and cumulative % plots for each of the 
mean potential sets. All data sets appear to follow a Normal distribution. It is expected that the data from 
individual subjects would follow a similar distribution, hut with the limited data available, it would be difficult 
to demonstrate using this technique. It has been suggested (Altman 1991) that numerical indices which can be 
used to represent the ‘normality’ of a data set (skewness andkurtosis) and can he compared with values from 
known normal distributions are not as useful as the graphical method. For borderline cases the Shapiro-Wilk W  
test can be applied but it was not thought to be necessary in the current situation as the data distribution was 
clearly approaching normality.
By way of confirmation of the Normality of the distributions from each of the electrode combinations, distribution plots 
using the mean potentials (N=70) plotted against their associated probability (%) on a logrithmic scale were produced. 
These are shown in Charts 8.18 a,b,c,d on Page 8.20a and 8.20b. A straight line plot would indicate perfect Normality.
All 4 plots indicate a Normal distribution, with the lateral data producing the least convincing line. Given the sample size 
and the small variation from the straight line, the lateral data remains acceptable.
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Chart 8.15 : Histogram and Cumulative Frequency Chart for Mean Knee Potentials
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Chart 8.16 : Histogram and Cumulative Frequency Chart for Mean Medial Potentials
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Chart 8.17 : Histogram and Cumulative Frequency Chart for Mean Lateral Potentials
Chart 8.18 : Histogram and Cumulative Frequency Chart for Mean Ankle Potentials
In addition to the graphical tests, it is possible to use the Normal distribution probability function to confirm the 
95% ranges calculated previously (Tables 8.3 to 8.6). If the data follows the normal distribution, the 95% range 
should in theory extend 1.96 standard deviations either side of the mean.
For the Knee data, with a mean of 0.6mV and a SD of 8.1, the expected 95% range would be from -15.2 to 
16.4mV. The actual 95% range (calculated from the percentile values) is -13.8 to 17.0 mV. The actual 95%
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range is therefore close to the predicted 95% range which assumes a normal distribution. Table 8.8 gives the 
predicted and actual 95% ranges for each electrode combination.
Electrode
Combination Mean (mV)
Standard
Deviation
Predicted 95%  
Range
Actial 95% Range
Knee 0.6 8.1 -15.2: 16.4 -13.8 : 17.0
Medial -18.9 9.8 -38.1:0.3 -35.5: 1.4
Lateral -22.8 10.2 -42.8; -2.8 -39.3 : -1.2
Ankle -1.0 5.3 -11.3:9.3 -10.6: 8.8
Table 8.8 : Predicted and Actual 95% Range for A Series Mean Potentials
The predicted and actual 95% ranges are similar for all electrode combinations, confirming the impression that 
the data can be assumed to follow a Normal distribution.
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Chart 8.18a : Normal Probability Plot for A Series Knee mean potentials
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Chart 8.18c : Normal Probability Plot for A Series Ankle mean potentials
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8.7 Variability of the Potentials in a Single Session
The considerations thus far have been in relation to the mean potentials from each test. These mean potentials 
are derived from 3331 potential readings at approximately 0.09 second intervals. The variability of the data 
collected over the 5 minute test period is represented by the standard deviation for the sample. Generally, the 
data collected appeared to be relatively uniform, though on occasions there was a greater variability in the 
signal magnitude.
Chart 8.19 shows a typical set of traces from a single test session (Subject A2, Session 1). The knee potentials 
are very similar in magnitude, and are indistinguishable on the Chart. The medial potentials show an 
interesting variability which is symmetrical and bilateral. The ankle and lateral potentials show some variation 
which is not always mirrored in the opposite limb trace. The ‘bilateral flat’ plot with almost no variation was 
the most common appearance of the raw data. The bilateral variable plot (similar to the A2 medial data) in 
which the left and right limb potentials vary together was the second most common presentation. Data which 
varied differently from the left and right limbs was seen less often.
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Chart 8.19 : Example of potentials recorded at Session 1 from Subject A2 
(The darker line is the LEFT potential, the lighter line, the RIGHT potential)
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Table 8.9 gives the mean and standard deviation values for the potentials shown in Chart 8.19.
Electrode
Combination
Left Limb 
Mean (mY)
Left Limb 
Standard 
Deviation
Right Limb 
Mean (mY)
Right Limb 
Standard 
Deviation
Knees -1.06 0.37 -1.49 0.15
Medial -27.35 0.95 -23.55 0.63
Lateral -27.68 1.73 -14.00 0.47
Ankle 1.26 0.76 11.19 0.88
Table 8.9 : Mean potentials and standard deviations for Subject A2 Session 1 tests
8.8 Correlation Analysis
The mean potentials from each electrode combination were expected to vary between subjects, but the 
variability in the mean potentials from an individual subject over a series of test sessions was of considerable 
interest. A range of environmental and physiological variables which could reasonably influence the DSSP 
were monitored during the A Series tests. The first analysis of the data involved a series of correlation studies 
in order to establish the strength of the relationships between the potentials and to highlight which (if any) of 
the environmental and physiological variables may be related to changes in potential. The correlation analyses 
were all conducted on a ‘within subject’ basis. The analyses were divided into three main sections:
i) Mean potentials from different electrode combinations were correlated e.g. the variability of the left knee
mean potentials was correlated with the variability of the right knee mean potentials over the whole test 
series, subject by subject This test aimed to establish whether the change in the mean potential(s) occured 
simultaneously or independently.
ii) Mean potentials from each electrode combination were correlated with the environmental variables recorded 
(room temperature, humidity and barometric pressure). This test aimed to establish whether the change in 
mean potential could be related to environmental factors.
iii) Mean potentials from each electrode combination were correlated with changes in the physiological 
variables monitored during the tests (e.g. heart rate, blood pressure, skin temperature). As previously, the 
test aimed to establish whether there was a significant relationship between changes in the skin potential 
and changes in the physiological status of the individual.
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The correlation analyses do not (and can not) establish any cause-effect relationships between the variables. 
There are no dependent and independent variables. The results can only provide evidence for the existence of a 
significant relationship (either positive or negative) between the variables.
The Null Hypothesis for each test (H0) is that there is no significant relationship between the variables under 
consideration. A level of significance was determined prior to calculating the test results, and in keeping with 
most biomedical research, the p<0.05 level was selected. In order to reject the null hypothesis, and accept that a 
significant relationship existed, there would need to be less than a 5% chance of a Type 1 error (the possibility 
of rejecting the null hypothesis when it is actually true).
8.8.1 Correlation between Mean Potentials
The first, and most obvious of the correlation analyses involved the calculation of the correlation coefficient for 
the mean potentials from each electrode combination over the test series for each subject. There are 8 different 
electrode combinations used in the tests (knee, medial, lateral and ankle for the left and right limbs), giving 28 
correlation coefficients for each subject, a total of 196 test results for the test series.
Having established that the mean potentials follow a Normal distribution and that the variance of each mean 
potential is similar (Sections 8.4 and 8.6), the two main conditions had been satisfied for the Pearson Product 
Moment Correlation Test (Cohen and Holliday 1982). This is a parametric correlation test which is more 
powerful than its non parametric counterparts. This increased power means that if a significant relationship 
exists, the test is more likely to show it
The result obtained from the calculation (r) is compared with the critical value from statistical tables to 
establish whether the null hypothesis should be accepted or rejected at the determined level of significance. The 
critical values for a two tail test were used (from tables provided in Altman 1991). The critical values for 
p=0.05 with a sample size of 4, 5 or 6 are shown in Table 8.10.
Number of test 
sessions
Degrees of Freedom
Critical value for (r) 
atp=0.05
4 2 0.9500
5 3 0.8783
6 4 0.8114
Table 8.10: Critical values for (r) in the Pearson Product Moment 
Correlation Test (after Altman 1991)
Page 8.23
Chapter 8
In order for the calculated (r) value to achieve significance, it must equal or exceed the critical value. If it fails 
to do so, the null hypothesis must be accepted (i.e. that there is no significant relationship).
The results of almost 200 correlation tests for all electrode combinations, from all subjects over all test sessions 
in the A Series produced 19 significant results (in which the null hypothesis could be rejected at the 5% level or 
better). This gives a significance ‘rate’ of just less than 10%. Of the 19 significant results, 15 were positive 
correlations (where an increase in mean potential ‘A’ is accompanied by a similar increase in mean potential 
‘B’). The remaining 4 significant results were negative (where an increase in mean potential ‘A’ is 
accompanied by a decrease in mean potential ‘B’ - or vice versa).
Table 8.11 lists the significant results (by subject) with the particular combination listed and the (r) value 
achieved.
Subject Significant Electrode Combination(s) Pearson ( r) value
Al L Knee + L Medial +0.824
L Medial + R Lateral +0.907
L Lateral + R Lateral +0.850
A2 NONE
A4 R Knee + L Medial -0.861
R Ankle + L Lateral +0.888
L Lateral + R Lateral +0.914
A5 L Knee + R Knee +0.970
L Knee + R Ankle +0.902
R Knee + R Ankle +0.929
L Ankle + L Lateral +0.820
A6 L Knee + R Medial -0.905
R Knee + R Lateral -0.896
L Medial + L Lateral +0.887
R Medial + L Lateral +0.954
A7 L Knee + R Knee -0.866
R Knee + R Medial +0.967
R Ankle + R Lateral +0.958
R Medial + L Lateral +0.954
A8 L Lateral + R Lateral +0.955
Table 8.11 : List of significant correlations from electrode combinations
Page 8.24
Chapter 8
This overall result does not support the experimental hypothesis (Section 1.4) which suggested that if the mean 
potentials were to vary from session to session, that the variation would be similar in the left and right limbs. If 
this were the case, then the correlation coefficients for the equivalent mean potentials from opposite limbs 
would all be significant
The results were considered further, in that the number of significant correlations for each electrode 
combination were counted to establish whether any particular combination(s) demonstrated a consistent 
relationship. The results are shown in Table 8.12.
Left
Knee
Right
Knee
Left
Medial
Right
Medial
Left
Lateral
Right
Lateral
Left
Ankle
Right
Ankle
Left Knee
Right Knee 5(+)
7(-)
Iflltltlllt
Left Medial 1(+) Mr)
Right Medial 6(-) 7(+)
Left Lateral 6(+) 6(+)
7(+)
Right Lateral 6(-) 1(+) 1(+)
4(+)
8(+)
xfefefe: fe:: : : :
Left Ankle 5(+)
Right Ankle 5(+) 5(+) 4(+) 7(+)
Table 8.12 : Compiled results of mean potential correlation analysis (where 5(+) represents a significant
positive correlation for Subject A5)
The spread of results across the range of these tests together with the fact that some results were strongly 
positive and others strongly negative fails to provide support for the general hypothesis that the mean potentials 
from different electrode combinations vary similarly from session to session. The rise and fall of the mean 
potential from a particular electrode combination (e.g. the left knee) cannot be significantly and consistently 
associated with the variation in one of the other mean potentials. The visual impression from the charts was for 
a common variation to exist between the knee and medial potentials, and also for a link between the ankle and 
lateral potentials. Although very obvious for some subjects, the correlation analysis does not support this 
contention.
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The Pearson correlation establishes whether or not a linear relationship can be demonstrated between the 
variables. The possibility exists that a non linear association could exist which is not identified by the Pearson 
test. Testing the variables for an association which was other than linear in included in Section 8.8.6.
8.8.2 Correlation with Environmental Variables
The second of the correlation analyses follows a similar format to the analysis of the mean potentials in Section 
8.8.1, and is concerned with the relationship between the variation of the mean potentials and the three 
environmental variables recorded, room temperature, relative humidity and the barometric pressure.
The room (chamber) temperature and humidity were recorded after each separate test (knees, lateral etc.) whilst 
the barometric pressure was recorded at the start of each session - it was not expected to show a marked change 
over a 1 hour period. Environmental values follow a Normal distribution and therefore a Pearson Product 
Moment Correlation coefficient could be calculated in the same way as in the previous tests.
The Null Hypothesis (H0) in each case was that there was no significant relationship between the variation in 
the mean potential in question and the environmental factor. The level of significance was set at p<0.05 as 
previously.
The tests were conducted on a within subject basis as the relationship between an individuals mean potentials 
from each electrode combination and the environmental variables was being investigated. With 3 
environmental variables and 8 electrode combinations, 24 correlation coefficients were obtained for each 
subject, giving 168 results for the whole series.
Only 9 of the 168 tests gave a significant result (5.4%). Of these, there were 4 positive correlations of a mean 
potential with changes in barometric pressure, 3 positive correlations between mean potential and room 
temperature and 2 negative correlations between mean potential and humidity. Table 8.13 provides the 
distribution of the significant results.
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Electrode
Combination
Room Temperature
(°C)
Relative Humidity
(%)
Barometric
Pressure
Left Knee 4(+) 7(+) 5(-)
Right Knee
Left Medial 5(-) 2(+)
Right Medial
Left Lateral 5(+)
Right Lateral 1(+)
Left Ankle 5(+)
Right Ankle 1<+)
Table 8.13 ; Compiled results of the correlations between mean potential and environmental factors (where 
4(+) represents a significant positive correlation for Subject A4)
With the low level of significant relationships (5.4%) spread over a wide range of subjects, mean potentials, 
and environmental factors it is difficult to explain the variation in mean potential in terms of any single 
environmental factor. The possibility of a non linear relationship between the environmental factors and skin 
potentials is considered in Section 8.8.6.
8.8.3 Correlation with Physiological Variables
The third main correlation analysis concerned the relationship between the mean potentials and the various 
physiological variables recorded (heart rate, blood pressure - systolic and diastolic, skin temperature and core 
temperature). All of these variables follow a Normal distribution and are continuous variables and therefore a 
Pearson Correlation can be applied once again.
There were a greater number of possible correlation coefficients due to the increased number of variables. 40 
coefficients per subject for the 7 subjects gives a matrix of 280 combinations. Of these, only 24 (just over 8.5%) 
gave a significant result (13 positive and 11 negative coefficients). The significant results are shown in Table 
8.14.
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Electrode
Combination Heart Rate
Systolic Blood 
Pressure
Diastolic
Blood
Pressure
Skin
Temperature
Core
Temperature
Left Knee 50) 10 20) 80
Right Knee
Left Medial 50 10 40) 70)
Right Medial 20) 40) 20
Left Lateral 40 50)
Right Lateral 40 10 70)
Left Ankle 10 40) 50) 20)
Right Ankle 4(+) 50 20 70)
Table 8.14: Compiled results of the correlation between mean potentials and physiological factors (where 5(-) 
represents a significant negative correlation for Subject 5)
A reasonable proportion of the significant correlation results were realised from the relationship between the 
mean potential and the changes in core temperature (10 significant results from 56 tests - almost 18%). The 
equal division of the significant results between positive and negative scores combined with the fact that 4 of 
the 8 electrode sites did not score any significant results reduces the strength of the apparent correlation. There 
is no clear trend either by electrode combination or by subject, which renders the results unusable in a 
predictive or corrective manner. The diastolic blood pressure was the next most populated group with 7 
significant results (12.5% incidence). In a similar way, these results are also divided between positive (4) and 
negative (3) coefficients with the same implications as for the core temperature effects.
8.8.4 Correlation with Electrical Measures (Skin Resistance)
The Skin Resistance (SR) measurements made at each electrode site prior to testing were made with a 
commercial meter (Section 7.12.6). The maximal resistance which could be measured was 200MQ, and in a 
substantial proportion of tests, this was insufficient to obtain a reading (i.e. the SR was greater than 200MX2). 
There was insufficient data for any correlation analysis to be effectively conducted using this data. The SR was 
monitored in the B Series trial which included injured subjects in case there was an obvious difference between 
the two subject groups and to maintain continuity in the test protocols.
8.8.5 Correlation with Activity Levels
In addition to the correlation analysis carried out between the main physiological variables and the mean 
potentials from each electrode combination, a further separate analysis was performed to establish the possible
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correlation between the mean potentials and the activity levels. The reason for not including this in the previous 
work is that the activity level score (Section 7.12.3) provides data from an ordinal scale. Strictly, this should 
not be used in a Pearson correlation - it contravenes the requirements for the test (most importantly, that the 
data should be continuous and follow a normal distribution). A Spearman Rank Correlation coefficient test can 
be used on ordinal data and it was therefore applied for this analysis. In addition to the advantage of its use 
with ordinal data, it provides a significant correlation if there is a relationship between the variables which is 
not linear. It is not as robust as the Pearson test when both are used under ideal circumstances, hut for the 
present analysis, it is the more appropriate test.
Spearman (rho) correlation coefficients were calculated for each electrode combination for each subject in the A 
series. A total of 56 coefficients resulted, of which only 6 (10.7%) achieved a significant level (p<0.05). The 
distribution of the significant results by electrode combination are shown in Table 8.15
Electrode
Combination
Incidence of Significant 
Correlation
Left Knee
Right Knee 6(+)
Left Medial K+)
Right Medial
Left Lateral
Right Lateral 1(+)
Left Ankle 4(+)
Right Ankle 5(+) 8(-)
Table 8.15 : Summary of Spearman Correlation analysis of mean potential vs. activity levels (where 6(+) 
represents a significant positive correlation for Subject A6)
The incidence rate for the significant results (10.7%) was higher than for the Pearson correlation tests, but this 
would be anticipated with a less robust test and should not therefore be interpreted as indicating a more 
powerful result. The wide distribution of the results between subjects and electrode combinations gives no 
strength to the statistical link between activity levels and variations in mean potential.
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8.8.6 Non Linear Analysis for Mean Potentials, Environmental and Physiological 
factors
The Pearson correlation tests are primarily concerned with testing for the existance of a linear relationship 
between the variables. The incidence of significant results was low and varied in nature. It was concluded that 
in was unlikely that a significant, consistent linear relationship existed between the mean potentials and other 
mean potentials, environmental or physiological factors. It was considered important to test for a similar 
correlation, using a test which took into account a nonlinear relationship. The Spearman Rank correlation test 
achieves this (Altman 1991, Cohen and Holliday 1982), and although it is less robust than the Pearson test 
(which is a parametric test), if a high proportion of significant non linear relationships could be demonstrated, 
a more powerful non linear test could be applied to the data.
The mean potentials, environmental and physiological data were put through a series of Spearman Rank 
correlation tests. The number of tests performed was the same as for the Pearson tests and the results were not 
greatly different
When considering the relationship between the mean potentials from different electrode combinations (a total 
of 196 tests), 17 were found to give significant results (an incidence rate of 8.7%) which was not significantly 
different from the 9.6% rate from the Pearson tests. As with the previous results, there was a wide range of 
electrode combinations which gave significant results with a mixture of positive and negative correlations. 
There is no compelling evidence for the existance of a non linear relationship between mean potentials from 
different electrode combinations.
The Spearman test results comparing mean potentials with environmental factors gave a significant incidence 
rate of 5.4% (9 of 168 tests) which is exactly the same as for the Pearson tests. The results for the mean 
potentials with physiological factors gave significant results in 19 out of 280 tests, an incidence rate of 6.8%, 
which was lower than the 8.5% with the Pearson tests.
Although the Spearman test is a non parametric correlation analysis test, and as such is less robust than the 
parametric Pearson test, it was applied to the data to consider the possibility of non linear relationships which 
would not have shown up in the Pearson test results. The incidence rates for significant results were not very 
different from the linear tests for any of the three categories, and it is concluded therefore that there is unlikely 
to be a strong, consistent non linear relationship between any of the variables monitored. It was considered 
unlikely that more complex and powerful non linear tests would provide significant incidence rates which were 
much higher than those identified from the Spearman tests and were therefore not invoked.
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8.8.7 Correlation Analysis Conclusions
With a large number of correlation coefficient calculated at the 5% level, significant results could be expected 
to occur ‘by chance’ at a 5% incidence rate. The environmental results were very slightly higher than this (at 
5.4% for both the Pearson and Spearman tests), increasing to 8.5% (Pearson) and 6.8% (Spearman) for the 
physiological variables. The significant incidence rate for the mean potentials correlated with other mean 
potentials returned 9.6% (Pearson) and 8.7% (Spearman). The rate for the activity level analysis was 10.7% 
(Spearman only).
None of the incidence rates for significant correlations provide convincing support for the hypotheses that a 
significant relationship exists between the mean skin potentials and other measured factors when considered in 
isolation. The significant relationships that had been identified may not be false or erroneous results, and it 
would be inappropriate to dismiss the results on that basis. Reapplying the tests using a higher level of 
significance and therefore accepting a lower margin for error reduces the incidence of significant results. For 
example, with the Spearman tests for correlation between activity level and mean potentials, using p=0.01 or 
better level of significance (1% chance of error), the number of significant results decreases from 6 to 1 out of 
56 tests, reducing the incidence from 10.7% to 1.8%. Post test variation of the level of significance is a dubious 
practice when the level had been determined prior to the test. The trend however carries across to the other tests 
in the series, and the incidence rates are lower with increased significance levels. The results from all 
correlation tests have failed to identify significant relationships which are common across subjects and 
electrode combinations, and whilst the significant results which were established are not dismissed, their low 
incidence rates provides no firm evidence for an association between the variables.
8.8.8 Multiple Linear Regression
The failure to demonstrate significant relationships between mean potentials and individual physiological or 
environmental factors does not exclude a more complex relationship. It is essential to consider multiple 
correlations in order to be sure that the physiological and environmental factors identified (see Section 3.5) are 
not central to the variability of the mean skin potentials.
In order to test for the multiple factor effects on the mean potential, a multiple regression analysis technique 
was required. In this test, an attempt is made to establish the influence of several factors on the value of the 
dependent variable (for example, the left knee potential). If a simple multiple linear regression is used, the all 
the independent variables are included in the regression equation. A useful modification to the technique 
employs a stepwise regression in which variables are either added or removed to assess the effects on the 
dependent variable (Altman 1991).
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For example, in a forward stepwise multiple regression, the variable which shows the strongest relationship to 
the dependent variable (based on the correlation analysis results) is used to give a single regression equation. 
The next most influential variable is then added to establish the statistical benefit of considering two rather 
than one variable. This process is repeated until there is no further benefit by adding further variables. The 
regression equation and confidence of the equation can then be established. The alternative is to use a backward 
stepwise regression in which all variables are included initially, and are removed one at a time to establish what 
the effect would be on the strength of the equation. When no further variables can be removed without 
detracting from the quality of the regression equation, the ‘best’ variables can be included in the equation.
In the multiple regression for the A series subjects, a backward stepwise technique was adopted as all the 
variables could reasonably influence the skin potential. The aim was to establish which of them exerted the 
greatest influence. With the limited number of samples (i.e. sessions for each subject) it was difficult to regress 
all the possible factors at one time as the regression between multiple factors with small sample sizes makes 
computation of the results both difficult and unreliable (Altman 1991). To reduce the risk of making 
inappropriate judgements about the results, two separate regression analyses were performed, one for the 
physiological and one for the environmental factors. This reduces the risk of error by reducing the number of 
variables tested in relation to the available sample size.
A detailed example of the right limb analysis (physiological) for subject A7 is shown below. Subject A7 had the 
most complete data set and therefore offered the most reliable data for analysis. Summary analyses for other 
subjects are also shown in Tables 8.16 and 8.17.
Backward Stepwise Multiple Linear Regression Subject A7
The physiological variables and mean potentials for the 6 test sessions were included in the analysis. The 
inclusion of both the systolic and diastolic blood pressure reduced the acceptability of the regression as they 
were strongly correlated and this is known to influence the outcome (Cohen and Holliday 1982). It was decided 
therefore to only use one of the BP values - in this instance the systolic. Each regression therefore initially 
included the heart rate, skin temperature, systolic blood pressure and the core temperature. The skin 
temperature and core temperature could be related but in a surprising number of cases, this was not the case 
(determined from a correlation analysis) and it was felt appropriate to include both data sets.
The significance of the regression equation is reflected in the p value which is quoted. A smaller p value 
indicates an increased significance (i.e. confidence in the equation). As with the previous tests, a critical p 
value of 0.05 was preselected as the level of significance.
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Subject A7 - Right Knee
When all factors are included, the significance of the regression equation was low (p=0.81). This was improved 
following the removal of the heart rate data (p=0.52) and improved further on the removal of the core 
temperature data, leaving the skin temperature and systolic blood pressure data as the most influential factors. 
The significance of the regression equation with these two factors was p=0.24. This is better than the regression 
with all factors, but still fails to achieve statistical significance. The final regression equation is shown below:
Right Knee Mean Potential = 56.1 + (-7.9 x skin temp) + (1.5 x Systolic BP)
In addition to the statistical significance of the regression equation (i.e. the confidence in the equation being 
applicable), the proportion of the regression that can be explained by the variables concerned can be expressed 
in a term - the adjusted R2 value. This represents the proportion of the dependent variable (in this case, the 
mean knee potential) that can be explained by the other variables. Clearly an R2 value of 0.95 represents a 
strong influence of the variables considered. The R2 for the knee regression including the skin temperature and 
systolic BP data is 0.35 - thus only 35% of the regression line can be explained in terms of the skin temperature 
and systolic blood pressure, leaving 65% which must be explained by other factors.
Subject A7 - Right Medial
The best regression equation using the same method and same initial factors resulted in the same final factors 
being most influential. The initial regression gave a significance of p=0.72. On removal of the core temperature 
data, this improved to p=0.43, and improved again on removal of the heart rate data to p=0.32. The regression 
equation which gives the best fit is therefore one which includes the skin temperature and systolic blood 
pressure:
Right Medial Mean Potential = 21.5 + (-7.5 x skin temp) + (1.5 x Systolic BP)
The adjusted R2 value for the equation is low at 0.22. This combined with the confidence in the regression line 
(p=0,32) means that the relationship between the variables, although the best possible, is not statistically 
significant. It is interesting however, the from the first two equations, the same variables have been included 
with very similar values - the main difference being in the value for the intercept of the slope on the Y axis.
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Subject A7 - Right Lateral
The regression for the right lateral data including all factors gave a p value of 0.49. Progressive removal of 
variables reduced this to a final regression based on a single variable - the core temperature. The equation gives 
a statistically significant result (p=0.03) with an R2 value of 0.65. The equation is shown below;
Right Lateral Mean Potential = -628.2 + (16.8 x core temp)
Subject A7 - Right Ankle
The initial regression significance with all variables included was reasonable (p=0.22). This could only be 
improved by eliminating the systolic BP data, giving a significance of p=0.07 based on the inclusion of the 
heart rate, skin temperature and core temperature data:
Right Ankle Mean Potential -  -1015.4 + (0.9 x heart rate)+(-3.5 x skin temp) + (29.1 x core temp)
The adjusted R2 for the regression was the highest of all the A7 equations at 0.89.
The results of the regression analysis gives a significant result for one electrode combination only - that of the 
right lateral potential. In this instance, the core temperature appears to he the most influential factor. The 
regression for the right ankle potential almost achieves significance (p=0.07) with a high R2 (0.89) by using the 
heart rate, skin temperature and core temperature.
Considering all 4 regression lines, not only did 3 of the 4 fail to achieve statistical significance, hut the most 
influential factors tended to be different (with the exception of the knee and medial regressions). The results of 
this analysis support the findings of the correlation analyses in that there do not appear to he consistent 
relationships between the physiological factors monitored and the variation in the mean potentials from any 
site. An analysis for the environmental factors for Subject A7 also failed to show any such relationship (the 
detailed results are shown in Table 8.17).
Table 8.16 gives the best fit equations for all right limb mean potentials with physiological factors for Subjects 
A l, A4, A6 and A7. Table 8.17 summarises the equivalent analysis for the environmental factors. The left limb 
data sets had insufficient samples for the analysis due to electrode lead failures. Subjects A2 and A 8 had 
insufficient data (test sessions) to make the analysis applicable.
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Electrode
Combination Best Fit Equation (P) R2
A l Right Knee = 501.9 + (-13.7 x core temp) 0.15 0.31
Right Medial = 75.1 + (-0.6 x systolic BP) 0.43 0.04
Right Lateral = 674.8 + (-0.4 x heart rate) + (6.1 x skin temp) + (-22.7 x core temp) 0,008 0.99 j
Right Ankle = -87.8 + (2.8 x skin temp) 0.003 |
'
A4 Right Knee = -34.8 + (0.6 x heart rate) 0.007 0.51
Right Medial = 42.1 + (-1.3 x heart rate) 0.15 0.42
Right Lateral = -117 5  + (-16.3 x skin temp) + (44.3 x core temp) 0.37 0.03
Right Ankle = 528 + (-0.5 x heart rate) + (-14 x core temp) 0.09 0.67
A6 Right Knee = -899.6 + (25.0 x core temp) 0.31 0.11
Right Medial = -383.7 + (-1.5 x heart rate) + (-7.3 x skin temp) + (19.3 x core 
temp)
0.05
m u
Right Lateral = 41.0 + (-0.8 x heart rate) 0.55 0.16
Right Ankle = 96.1 + (-3.1 x skin temp) 0.33 0.07
.
Al Right Knee = 56.1 + (-7.9 x skin temp) + (1.5 x systolic BP) 0.24 0.35
Right Medial = 21.5 + (-7.5 x skin temp) + (1.5 x systolic BP) 0.47 0.08
Right Lateral = -628.2 + (16.8 x core temp) 0 03 0.65
Right Ankle = -1015.4 + (0.9 x heart rate) + (-3.5 x skin temp) + (29.1 x core 
temp)
0.07 0.89
Table 8.16 : Results of multiple regression analysis of right limb mean potentials against physiological
variables
Five of the regression equations achieve significance with associated high R2 values. Only the lateral electrode 
combination has more than one significant result The factors which contribute to the significant results are 
varied and show no consistent pattern. The right lateral equation for Subject A l utilises heart rate, skin and 
core temperature data whilst the lateral combination for Subject A7 uses only the core temperature to achieve 
the best fit. The significant results are highlighted by shaded cells in the right columns.
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Electrode
Combination Best Fit Equation (P) R2
A l Right Knee = -787.2 + (-4 x temp) + (1.4 x humid) + (0.79 x baro) 0.14 0.76
Right Medial = -851.4 + (1.2 x humid) + (0.8 x baro) 0.40 0.43
Right Lateral = -996.4 + (0.6 x humid) + (0.9 x baro) 0005 0.95
Right Ankle = -59.9 + (2.8 x temp) 0 001
...........
0.90
A4 Right Knee
.... .... ................ ... .... ..........  ..... ..................  ...  . .
= 7.6 + (-0.16 x humid) 0.75 0.21
Right Medial = -47.4 + (1.5 x temp) 0.56 0.14
Right Lateral = -76.1 + (2.3 x temp) 0.48 0.08
Right Ankle = 7.5 + (-0.79 x temp) 0.41 0.03
A6 Right Knee = 782.4 + (-0.76 x baro) 0.16 0.37
Right Medial = 79.6 + (-3.9 x temp) 0.26 0.19
Right Lateral = -405.2 +(0.38 x humid) 0.50 0.12
Right Ankle = 18 1.1 + (4 x temp) + (0.36 x humid) + (0.07 x baro) "fr05
s mmmm
A7 Right Knee = 64.8 + (-2.9 x temp) 0.06 0.55
Right Medial = 51.2 + (-3.0 x temp) 0.06 0.54
Right Lateral = -34.7 + (0.34 x humid) 0.14 0.31
Right Ankle = -18 .1 + (0.34 x humid) 0.12 0.37
......
Table 8.17 : Results of multiple regression analysis of mean potentials against environmental variables 
(where ‘temp’ = room temperature, ‘humid’ = room humidity and ‘baro’ = barometric pressure)
Three equations achieve statistical significance (highlighted by shaded cells in the right columns). Two are for 
Subject A l (lateral and ankle) and one for Subject A6 (ankle). The inclusion of different factors in these 
significant equations does not provide convincing evidence for a multiple factor relationship between 
environmental variables and the mean skin potentials when the results from several subjects are considered. It 
is of interest that the two subjects providing significant results are those who present a potential profile which is 
different from the A Series ‘normal’.
8.8.9 Conclusions from the Multiple Regression Analysis
The value of conducting the multiple regression analysis was in evaluating the possibility that several 
physiological or environmental factors could be associated with the variation in the mean skin potentials when 
considered in combination.
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The relationships between these variables and the mean potentials are on occasions quite significant, but given 
the number of non-significant equations and the variability of the apparently significant results, there is no 
evidence to support a complex linear relationship. It remains possible that a key physiological variable which 
was not monitored would provide the critical link between the data, but given the available results from the A  
Series non injured subjects, it has not been possible to produce a regression equation(s) which would he useful 
as a predictor of skin potential magnitude changes based on physiological and/or environmental factors.
No literature has been identified which considers the analysis of non linear multiple regression other than 
repeated application of single factor non linear tests (e.g. Spearman Rank correlation). Multiple non-linear 
regression was not therefore applied to the data.
8.8.10 Analysis of Variance
In order to fully test the research hypotheses set out in Section 1.4 whereby differences in potential by electrode 
combination, test session and left/right combinations were considered, an Analysis of Variance (ANOVA) test 
needed to be conducted. The correlation analysis and multiple regression analyses in the preceding sections are 
sufficiently robust to tolerate the relatively small sample sizes whereas the ANOVA becomes much more 
reliable with large samples. For this reason, considerable care was taken in the construction of the ANOVA 
matrix to ensure that the sample sizes being considered did not negate the results.
The ANOVA which can be included at this stage concerns the separate analysis of the differences between left 
and right mean potentials from the same electrode location (e.g. left knee vs. right knee) and secondly, the 
differences between the knee (or other) potentials from session to session.
A  2 way ANOVA without replication on a within subject design is appropriate to this task (Altman 1991, 
Cohen & Holliday 1982). The ANOVA tests the null hypothesis that the samples could come from a common 
population - in other words, that there is no significant difference between them. The advantage of a 2 way 
ANOVA over a 2 sample t test is that more than 2 samples can be tested simultaneously.
The ANOVA test was applied to the left and right mean potentials for each electrode combination for each 
subject separately. For example, for Subject A l, the Left Knee mean potentials were compared with the Right 
Knee potentials over the 6 test sessions. The results of the analysis give two values. One which describes the 
likelihood of the left and right mean potentials coming from a common population (i.e. no difference) and 
secondly, a value which describes the same for the different sessions. The significance levels accepted for the 
results was set at the p=0.05 level, reducing the risk of a Type 1 error to 5 %  as previously.
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The null hypotheses for each test were the same:
H l0 : that there is no significant difference in the mean left and right potentials over the 5 (or 6) test sessions 
(testing for left/right differences)
H2o : that there is no significant difference in the mean potentials (both limbs) recorded from each test session 
(testing for session differences)
A summary of the results for each subject at each electrode combination is shown in Tables 8.18 to 8.21 (where 
Left / Right and Sessions represent the two null hypotheses, f is the calculated value from the ANOVA which is 
used with appropriate statistical tables and provides a p value which is the level of significance achieved). The f 
values are included in the results but their importance is related to sample size and variability, thus the cited p 
value is the more pertinent result. Statistically significant results (p<0.05) are highlighted.
Subject Difference Tested f P
A l Left / Right 0.0005 0.98
Sessions 1.83 0.43
A2 Left / Right 2.03 0.21
Sessions 0.56 0.73
A4 Left / Right 0.12 0.74
Sessions 0.46 0.79
A5 Left / Right 0.01 0.92
Sessions 1.56 0.32
A6 Left / Right 7.44 0.052
Sessions 1.50 0.35
A7 Left / Right 0.09 0.77
Sessions 0.08 0.99
A8 Left / Right 13.42 002
Sessions 1.98 0.26
Table 8.18 : Results of ANOVA for Mean Knee Potentials
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Subject Difference Tested f P
A l Left / Right 2.23 0.20
Sessions 4.59 0.06
A2 Left / Right 1.03 0.36
Sessions 24.16 0.002
A4 Left / Right 0.009 0.93
Sessions 0.45 0.80
A5 Left / Right 8.72 0.03
Sessions 3.36 0.10
A6 Left / Right 3.02 0.11
Sessions 4.50 0.03
A l Left / Right 0.20 0.67
Sessions 1.40 0.36
A8 Left / Right 65.0 0.001
Sessions 1.02 0.49
Table 8.19* : Results of ANOVA for Mean Medial Potentials
Subject Difference Tested f P
A l Left / Right 0.10 0.77
Sessions 5.45 0.04
A2 Left / Right 2.71 0.16
Sessions 27.37 0 . 0 0 1
A4 Left / Right 0.54 0.50
Sessions 1.28 0.40
A5 Left / Right 2.60 0.17
Sessions 3.69 0.09
A6 Left / Right 3.93 0.12
Sessions 1.97 0.26
A7 Left / Right 0.007 0.94
Sessions 2.76 0.14
A8 Left / Right 0.46 0.53
Sessions 42.93 0.002
Table 8.20 : Results of ANOVA for Mean Lateral Potentials
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Subject Difference Tested f P
A l Left / Right 0.74 0.43
Sessions 1.96 0.24
A2 Left/Right 3.10 0.14
Sessions 1.60 0.31
A4 Left / Right 5.78 0.06
Sessions 1.78 0.27
A5 Left/Right 1.66 0.25
Sessions 0.42 0.82
A6 Left / Right 0.0003 0.98
Sessions 3.63 0.12
A7 Left/Right 0.03 0.87
Sessions 3.11 0.12
A 8 Left/Right 0.0002 0.99
Sessions 1.77 0.30
Table 8 .21: Results of ANOVA for Mean Ankle Potentials
The analysis results generally support the null hypotheses of no significant difference. Of the 56 test results, 
only 8 give rise to significant results. 3 of the results gave a significant difference for the Left / Right mean 
potentials, and 5 gave significant results for there being a difference between the mean potentials from different 
days.
A  significant left/right result means that when the 5 (or 6) mean potentials from the left limb are compared 
with those for the right limb, and taking into account the variability of the mean over the sessions, there was a 
significant difference in the two data sets. Similarly, for the session test, a significant result means that there 
was a ‘real’ difference between the mean potentials (from both left and right limbs) collected at different test 
sessions.
The low rate of significant results means that although there appear to be differences between the mean 
potentials, the variability of the data does not allow a sufficiently high confidence to be attached to that 
difference - i.e. that there is considerable overlap between the data. The uncertainty is largely due to the small 
size of the samples combined with the relatively large variance of the mean potentials. The null hypotheses was 
that there was no difference (in absolute terms) between the magnitude of the mean potentials. Although the 
ANOVA tests have upheld the null hypothesis in a majority of cases, the results are not as close as the 
statistical tests might suggest.
Insufficient subjects had been tested at this stage to make any conclusive comments with regards these results 
other than to highlight their general support of the null hypotheses for non injured subjects.
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8.9 Discussion
The results of the first non-injured subject trial involving 7 subjects tested on 5 or 6 occasions over a period of 
up to 3 weeks closely resemble the results from the pilot tests in almost all respects. The general pattern of the 
mean potentials highlighted from the pilot tests is repeated for all hut one non-injured subject (A6) and Subject 
A l who was injured. The grouping of the mean potentials into bands for each subject is quite marked, and the 
similarity of these hands between subjects is maintained. This pattern of mean potentials from different 
electrode combinations appears to represent the ‘normal’ situation, against which the non-injured subject 
results can be compared.
The variability of the mean potentials from session to session can not he explained in terms of the 
environmental or physiological factors which were monitored during the tests. Statistical analysis of the data 
has not identified any common relationships between either the environmental or physiological variables 
recorded alongside the skin potentials nor has multiple linear regression analysis shown a consistent multiple 
factor relationship. Non-linear correlation techniques also failed to identify a consistent relationship. Although 
differences between the mean potentials from the left and right limbs can be identified, when tested statistically 
using ANOVA methods, the differences can not be proven to exist with any confidence. The same is true of the 
differences between the mean potentials over different test sessions.
The unusual profile for Subject A6 was unexplained in terms of the monitored variables. The most likely 
influence which had not been monitored was related to psychological stress and the A  Series retests (Section 
8.10) included manipulation of arousal levels in order to establish both the type and magnitude of its effect
The results of the A  Series tests compare favourably with those obtained from the pilot tests in terms of the 
magnitude and general pattern of the potentials. It was inappropriate to test for differences in these results by 
statistical methods as the test protocols were not strictly comparable, and for most of the pilot tests, the ankle 
potentials had not been recorded. Comparison of the mean potentials recorded with and without the test 
chamber, using the same subjects and adopting an identical test protocol is reported in Section 8.10.
The test protocol was satisfactory, and no subject experienced any particular difficulty or discomfort A  few 
minor problems were identified with some of the test apparatus (e.g. the blood pressure monitor) and following 
the problems experienced with spurious potentials attributable to shorting in the test leads, the electrode leads 
were regularly checked.
The extension to the A  Series tests involved repeating the tests for some subjects several weeks after the 
original data collection. Some of the repeat tests included comparative testing outside the chamber in order to 
establish whether the shielding offered by the test chamber has any overt effect on the potentials recorded. In
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addition, a small number of psychological manipulation tests were included in order to assess the effects of 
psychological stress on the skin potential.
8.10 A Series Retests
Five of the subjects involved in the main A  series tests agreed to take part in a short retest series in February 
1993,4-6 weeks after the original data collection period. The basic test protocol was identical to that used in 
the main test series. The aims of the retest series were twofold:
a) to evaluate the effect of the intervening period on the mean potentials
b) to consider whether there was a difference in the mean potentials when the subjects were tested outside the
chamber.
c) to consider the effects of deliberate psychological stress on the DSSP.
Subjects A2, A5, A7 and A8 each attended for two retest sessions, the first a repeat routine test session in the 
environmental chamber and the second, an identical test protocol in the same room, but outside the test 
chamber. Subject A l was able to attend for 3 retest sessions, the first two were conducted in the chamber and 
the third outside.
8.11 Results
The detailed results are included in Appendix I with the main A  Series tests. The results for each subject are 
considered separately and comparisons are made with the original test data where appropriate.
8.11.1 Test - Retest t tests - all subjects
In order to test for similarity between the mean potentials from the original series and those from the retests, a 
series of 2 sample t tests (for unequal variance) were conducted. Each test considered the difference between the 
original and retest mean potentials for one electrode combination for one subject - thus it was a within subjects 
analysis. The null hypothesis in each instance was that there was no significant difference between the mean 
potentials from the original data and the mean potentials from the retest data. The level of significance was set 
at p=0.05. Only 2 results gave a significant results. These were both left ankle potentials, one from Subject A l 
(t=2.96, p=O.0) and the other from Subject A7 (t=3.95, p=0.02). With 401 tests, the possibility of achieving a 
significant result (at p<0.05) by chance could be expected in 2 test results (i.e. 5%). This does not mean that the 
significant results are negated, but with the low incidence rate, the strong possibility exists that the results are 
due to chance rather than due to a real effect. If the test confidence is increased to p<0.01 (i.e. only a 1 %  
chance of making a Type 1 error), none of the results achieved significance.
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8.11.2 Subject A l
The magnitude of the retest mean potentials were compared with those from the original tests and 18 of the 24 
retest mean potentials fell within the previous range. 5 of the 6 potentials lying outside the original range are 
from the right limb which was injured in the earlier series. It is unclear whether the retest potentials are more 
representative of the normal level for Subject A l or whether the difference was related to the time difference 
between the tests and the injury sustained. The mean potentials obtained from Session 9 (test outside the 
chamber) were not inconsistent with either the mean potentials from the original test series or those from the 
retests inside the chamber (Sessions 7 and 8).
The results of the two sample t test results for Subject A l upheld the null hypothesis (of no difference between 
the original and the restest mean potentials) in all but 1 instance (Left ankle where t=2.96, p=0.04 - the retest 
potentials for the left ankle were more positive). It was concluded that the two data sets could be derived from a 
common population of mean potentials i.e. that there was no significant difference between the test and restest 
potentials when all data was compared.
Chart 8.20 shows the mean potentials for Subject A l from the original and retest series. The upper element is 
the data for the left limb and the lower element for the right limb.
Chart 8.20: Subject A l mean potentials from Left and Right limbs
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The difference between the original and retest mean potentials could be attributable to the injury sustained to
both knees in the original series. The behaviour of the left and right potentials in the retests is more consistent
and this could reflect the recovery from the tissue trauma. The profiles remain less compact than for other
subjects and this difference may not he solely due to the injury. With a bilateral injury, it is difficult to identify
which components could be associated with the injury and which may he part of a variation which is associated
with other factors. These might include an alteration in the psychological state of the subject or the ‘normal’ variability of
the DSSP with time.
8.11.3 Subject A2
The retest potentials all fall within the maximum and minimum range from the original test series. The t test 
results comparing the magnitude and deviation of the two data sets gave no significant differences for any of 
the electrode combinations.
Chart 8.21 shows the retest potentials for the left and right limbs alongside the original mean potentials. The 
increased range of the potentials from the second retest (outside the chamber) could suggest that there was a 
difference between the in and outside chamber mean potentials, but statistically, the Session 8 potentials were 
not significantly different from the test results from inside the chamber.
Chart 8.21 : Subject A2 mean potentials from Left and Right limbs
L
Page 8.44
Chapter 8
The relationships between the mean potentials are more obvious than those from Subject A l. The knee /  ankle 
mean potentials tend to be of the same magnitude as do the medial / lateral potentials.. The knee and medial 
potentials appear to vary similarly in the retests as do the ankle/lateral potentials. When tested statistically, the 
correlation coefficients for the knee/medial and ankle/lateral combinations (including the retest data) are higher 
than those for the other electrode combinations (e.g knee with lateral), but do not achieve statistical 
significance.
8.11.4 Subject A5
All but 3 of the 16 retest mean potentials fall within the original test data range. Those which lie outside the 
range are within 4mV and this could reasonably be part of the normal variation seen in the original test series. 
The t test results show no significant differences for any of the electrode combinations.
Chart 8.22 shows the mean potentials from all sessions, separated into right and left plots. The right limb data 
is consistent, and although the left limb potentials show greater variation from session to session, the 
differences are relatively small.
Chart 8.22: Subject A5 mean potentials from left and right limbs
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As with Subject A2, the variation in the knee and medial potential appears to be maintained in the retests as do 
the ankle and lateral potentials. The separation of theknee/ankle and lateral/medial potentials on the final test 
(outside the chamber) can be seen from the chart although it fails to achieve statistical significance.
8.11.5 Subject A7
The retest mean potentials fall within the boundaries set from the original data with the exception of the left 
medial and right lateral potentials from Session 8 which are more negative by 8mV and 5mV respectively. The 
t test results show no significant difference between the original and retest potentials except for the Left Ankle 
potential which was significantly larger (more negative) in the retests (t=3.95, p=0.02).
Chart 8.23 shows the mean potentials from each electrode combination over the entire test series. Both the Left 
and Right mean potentials can be seen to follow a close pattern.
Chart 8.23 : Subject A7 mean potentials from left and right limbs
The knee/medial and lateral/ankle relationships noted from previous subjects are less obvious for the left limb 
data but are more easily seen for the right limb.
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8.11.6 Subject A8
The mean potentials from the retests fall within the maximum and minimum boundaries set from the original 
data with the exception of the right knee data at Session 7 which is just outside the limits by 0.5mV. The 
results of the t tests gave no significant differences between the original and the restest data for any of the 
electrode combinations.
The separate plots (Chart 8.24) of the mean potentials over the entire test series show a consistent pattern with 
no obvious change in relationship on retest (Sessions 6 and 7).
Chart 8.24 : Subject A 8 mean potentials from left and right limbs
8.11.7 Retest Conclusions
The overall results of the retests showed that the mean potentials did not vary significantly in their magnitude 
when compared with those from the original test series. Only 2 of the 40 comparisons gave a significant result 
for the difference between test and retest mean potentials. The relatively small number of test and retest
Page 8.47
Chapter 8
sessions together with a small subject sample makes application of some of the more complex statistical 
analyses unreliable, but on considering the charts of the data, several important factors emerge.
The association between the knee with medial potentials and the ankle with lateral potentials was generally 
maintained for the retests as was the grouping of mean potentials into bands (Section 8,4). The difference 
between the original and restest profile for Subject A l could be consistent with the recovery from the injury 
though with the bilateral trauma, it is difficult to draw a strong conclusion.. It was unfortunate that Subject A 6 
was not able to attend for the retest sessions as additional data may have helped to identify the reasons for the 
unusual profile seen from the original tests.
The effect of the environmental test chamber on the skin potentials did not appear to be marked. Having 
established that the instrument was not significantly affected by the shielding offered by the chamber (in 
relation to the magnitude of the recorded potentials from test subjects), it remained possible that the subject 
themselves could be affected by variation in the environmental EM radiation levels. Although the chamber did 
not offer total elimination of the EM ‘noise’, it was considered that it offered a reasonable level of protection.
Comparing the potentials recorded with the subjects tested inside and outside the chamber, it was not possible 
to demonstrate a significant statistical difference between them. With the reasonably large range and standard 
deviation values obtained from the original series, the retest results could have come from a common sample 
i.e. that in almost all cases there was no significant difference between the test and retest results either in or 
outside the test chamber. The differences which did occur could not be attributed solely to the effect of the test 
chamber as the time frame difference between the test and retest sessions may also have exerted an influence on 
the results which can not he quantified in isolation. This leaves the issue of the variation in potentials from day 
to day unresolved. It does not appear to be possible to relate the potential changes to variation in physiological 
or general environmental changes. Nor does it appear possible to relate them to the effect of the chamber 
shielding. The effect of psychological factors remains a possibility as one (possibly the only) factor responsible.
There are several possible explanations for the variation in mean DSSP magnitude variation. Firstly, it may be 
related to a physiological or environmental factors which has not been monitored or for which the monitoring 
was insufficiently sensitive. Secondly , it may he related to atmospheric variation (i.e. the weather) and as such 
this may not be reflected in the temperature, humidity and barometric pressure data recorded. Diumal and 
seasonal variations have been reported for the SPL (Section 2.1) and some recent work by Becker (1984) 
suggests that variation in electrodermal activity may be related to variation in the earths geomagnitic field 
(considered in Section 3.6).
The possibility that sweat gland activity associated with psychological arousal would influence the DSSP had 
been considered to he unlikely (Chapter 3) but without evidence in the literature for the assumption. The 
deliberate psychological stress tests (Section 8.12) were designed to investigate this possibility. Further tests
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which consider the relationship between psychological activity, stress and DSSP variation are reported in 
Chapter 9.
Continued testing and restesting of the same subjects over a longer period of time and under a variety of 
different conditions may have served to identify further factors which may be related to the variation in 
potentials from session to session. The results from the A  Series tests support the notion of a common potential 
profile from non-injured subjects, and the one subject who presented with an injury during the tests 
demonstrated a difference from the ‘normal’ profile. This was difficult to quantify given the limited number of 
samples and the bilateral nature of the disturbance.
Following careful consideration, it was decided to proceed with the B Series tests at a second location without 
using the test chamber. The risk of the EM effects having been rejected erroneously was a possibility given the 
limited retest sample size, but the need for a larger sample together with the need for injured subject tests was 
considered to be the more important element. The site for the B Series tests was to be at the authors workplace 
(the West London Institute, Isleworth, Middlesex). This higher education college was quite different from the 
university in that it had no involvement with satellite technology or significant electrical teaching/research, 
thus the local EM radiation levels were expected to be lower than those experienced at the university, further 
reducing the possible effects of EM fields on the subjects..
8.12 Psychological Stress Tests
Two subjects from the A  series volunteered to participate in a test in which deliberate manipulation of the 
individuals psychological stress levels was undertaken.
The aim of these tests was to evaluate the effects of deliberate stress level manipulation on the DSSP. It was 
anticipated that the effect of psychological stress level alterations on the differential potential would be minimal 
although it was known to exert an observable effect on the transcutaneous potential (Chapter 3).
Following discussion with research staff in the Psychology Department at the University, it was decided that a 
prolonged stress would be more appropriate to the aim of this work rather than investigating the effects of an 
instantaneous stimulus. The variation of the mean potential level from session to session was unlikely to be 
attributable to a short duration stimulus or momentary change of psychological state. The psychophysiologists 
who have investigated psycho-stress responses (Section 2.1) have recorded biphasic and triphasic waveform 
variations over a short period of time (seconds) whereas the variation observed from the A  series tests occurs 
over a period of days. If the differential potential was affected by the background stress level and a subject was 
experiencing variation in stress over the 2 to 3 weeks of the test period, a possible cause for the variation could 
be hypothesised. If the stress state had no effect on the differential potential, then it could be eliminated as a 
causative factor.
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The stress would be applied by means of an IQ type test carried out during a single 15 minute recording 
session. The two subjects who agreed to participate in the test (Subjects A l and A8) were told that the test 
comprised of a pilot test which was planned for use with GCSE school children. The test was conducted during 
the middle 5 minutes of a continuous 15 minute test, with the skin potential electrodes attached to the medial 
combination sites. This electrode combination was selected as it tended to give a relatively large (negative) 
potential under resting conditions and it was thought therefore that if the changes in potential were 
proportional to the DSSP magnitude they would be more marked.
The test was formally presented from a wordprocessed document The subjects were not able to read through 
the test during the rest period or the initial 5 minute baseline recording phase. On the instruction of the 
operator, the subject started the test (at time = 5 minutes) and continued until told to stop (time = 10 minutes). 
The potentials recorded during the first 5 minute rest phase would act as a baseline measurement, and the data 
from the 5 minutes following the written test would act as a monitor of the recovery phase.
Two different tests were developed. The tests were not taken from a GCSE paper and consisted of a series of 
questions of the kind typically encountered in IQ tests with the exception that some of the questions had no 
solution. For example, anagrams of 10 modes of transport of which several were anagrams of a randomly 
selected sequence of letters. The tests are shown in Appendix J. Both tests were piloted on individuals of 
comparable academic ability who were not involved in the research and who had no connections with the 
university. The comments made suggested that they did indeed cause high stress levels when apparently simple 
questions could not be answered. The two test formats were randomly assigned to subjects.
The test protocol was identical to that used in the previous tests up to the commencement of the skin potential 
recording. A ll physiological and environmental factors were monitored in the usual way. This was an 
intentional component of the test in order to maintain the illusion of normal testing as both subjects had been 
involved in the original and the retest experiments and were quite familiar with the procedures. The only 
additional measurement made was a more frequent monitoring of the subjects heart rate so that a more detailed 
data set existed for analysis. The subject was unaware of the heart rate monitoring as it was conducted from 
outside the chamber.
Following completion of the stress test, the subject was informed that the test was unanswerable in parts and 
that the results of the written test would not actually be used in the research, only the effects recorded on the 
skin potential. Both subjects admitted quite freely that a considerable stress had been induced by the procedure.
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Subject A l
Test A  was used for this subject (Appendix J) and the results are shown in Chart 8.25. The potentials for the 
left and right medial electrode combinations are shown alongside the heart rate recorded at 1 minute intervals 
throughout the 15 minute test period.
Chart 8.25 : Left and Right medial potentials and heart rate for Subject A l stress tests
The rapid rise in the heart rate on commencement of the written test gives an indication of the stress induced. 
The mean heart rate during the initial 5 minute rest period was 70.5 and during the last 5 minutes was 68.8. 
The peak rate noted on commencement of the test was 95 and the mean heart rate for the 5 minutes of the test 
was 80.0. The high peak heart rate immediately following the end of the IQ test appears to be related to the 
time when the subject realised that he had been ‘manipulated’ !
Accepting that the test situation had caused physiological (monitored) as well as psychological (self reported) 
stress, the change in the DSSP’s can be considered. Both the left and the right medial potentials show a definite 
shift away from their baseline pattern at the start of the 5 minute stress period. The responses are very similar 
for each limb though the variability of the right potential during this central phase seems to be greater, probably 
related to the subject being right handed.
The change in potential observed during the test is consistent with the models of the transcutaneous skin 
potential level presented in Section 2.1. It has been shown that increased stress results in an increased 
negativity of the transcutaneous skin potential. This change will be most marked where the concentration of
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sweat glands is highest which is why psychophysiologists normally record from the palms of the hands. With a 
DSSP measurement, the single potential recorded represents the difference in surface electrical activity at the 
two electrode sites. In this instance, that difference is between the medial side of the knee and the medial side 
of the ankle/foot The increased negativity of the recorded potential that occurs on stress represents a relative 
difference in electrical activity between these two sites. The knee electrode was connected to the inverting input 
of the amplifier and therefore the increased negativity of the recorded potential means that either the knee has 
become electrically more positive or that the ankle has become more negative. As the latter suggestion is in 
keeping with a number of published research reports concerning the effect of stress on the transcutaneous skin 
potential, it is suggested that this is the more likely explanation.
The change in DSSP recorded during deliberate stress manipulation appears therefore to be related to an 
increased negativity at the ankle electrode site, probably associated with an increase in the sweat gland activity. 
It was disappointing in some respects that the differential potential was affected in this way as it had been 
suggested (Chapter 3) that the measurement method being used for this work should minimise or eliminate the 
effects of stress. This is clearly not the case for Subject A l. The encouraging element of this result is that both 
the left and the right medial potentials appear to respond in the same way, at the same rate and to the same 
extent. The increased variability of the right potential during the stress phase needs to he confirmed in further 
tests, but the hypothesis that the left and right equivalent signals will behave similarly when recorded 
simultaneously has been upheld.
Page 8,52
Chapter 8
Subject A8
Subject A8 underwent the same stress test procedure as Subject A l with the exception that the written test was 
different though of a similar format (Test B - Appendix J). The heart rate was recorded at 30 second intervals 
in order to provide more detailed results. The medial potentials and heart rate from the three test phases are 
shown in Chart 8.26.
Chart 8.26 : Left and Right medial potentials and heart rate for Subject A8 stress test
The results from Subject A8 are very similar to those from Subject A l. There is a rise in heart rate associated 
with the commencement of the stress test phase, and a simultaneous increase in negativity of both the left and 
right medial potentials. The conclusions from Subject A l results can reasonably be applied to Subject A 8 
results. The increased variability of the right limb potentials was not observed so clearly for this subject
It is possible that the difference in DSSP could be more strongly related to the changes in heart rate than to the 
stress, but the evidence from the routine A  series test results was that variation in the heart rate was not related 
to the change in the mean potential. In view of this possible link, future tests (i.e. the B series) would routinely 
include more frequent heart rate monitoring, with at least 1 reading every minute as opposed to the single 
reading at the end of each test.
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8.13 A Series Conclusions
In conclusion, the A Series tests have confirmed the ‘normal’ potential pattern seen in the pilot tests both in 
terms of the magnitude and the variability of the potentials. The investigation of the relationship between the 
environmental and physiological variables failed to identify consistent factors which might be associated with 
the variability of the mean potential.
Comparison of the test results obtained during the repeat tests were not statistically different from the original 
series data and additionally, the potentials recorded when the subject was tested outside the chamber were 
consistent with the ‘in chamber’ results.
Deliberate psychological stress manipulation during DSSP recording gave strong results which were not 
inconsistent with the skin potential models presented in Chapters 2 and 3. The demonstration that variation in 
stress levels may be responsible for the inter session variation in DSSP levels led to a more detailed 
consideration during the B Series tests.
The one subject who was fortuitously injured during the test series showed an potential profile which was not 
consistent with the results from other subjects though it was difficult to identify a clear pattern of difference. 
The potential profile for Subject A6 was inconsistent with the other non-injured subjects and remains 
unexplained. It is possible that variation in stress levels may have been responsible, but the demonstration that 
stress effects appear to be equal for both limbs does not account for the disturbance noted in the DSSP which 
was not mirrored bilaterally.
The test sequence for the B series was planned and would involve parallel testing of both injured and non 
injured subjects in order to provide a larger sample for the non-injured subject analysis and comparative data 
for injured subjects.
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9. B Series Tests
9.1 Introduction & Test Series Overview
The B Series tests were conducted at the West London Institute (WLI), Isleworth, Middlesex during March to 
June 1993, during which time both injured and non-injured subjects were recruited. The W LI was chosen 
because the number of non=injured subjects willing to participate in the tests was expected to be larger than at 
the university and the type of student activity (predominantly sports related) would result in a higher number 
of recent injuries.
Permission was gained from the appropriate Heads of Departments and Dean of Students for the research to be 
conducted and the Departmental Ethical Committee were appraised of the nature of the work. The test location 
used a double room with an incomplete partition which was arranged such that the subject was unable to see the 
data collection screen of the computer and was also unable to see the operator thereby minimising conversation. 
The telephone was disconnected during the tests and notices placed to prevent unwelcome disturbances. The 
general plan of the test location is shown in Figure 9.1.
Figure 9 .1: Arrangement of Room for B Series Tests
30 subjects were recruited during the test series, with 12 non-injured and 8 injured subjects. A further 8 subjects 
were ostensibly non-injured but either reported a chronic musculoskeletal problem which was insufficiently 
acute to include in the injured group or experienced an injury during the test period. These subjects have been 
included in a ‘nominally non-injured’ group. A  final group was comprised of 2 subjects who volunteered for 
one-off test sessions involving a thermal stress test (B26) and a pilot test for the psychological stress monitoring 
(B29). With the exception of the extra two subjects, it was hoped that subjects would be able to attend for a 
minimum of 3 test sessions over a 2 to 3 week period and that repeated attendances should be at the same time
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of day (within 30 minute .^ Each test session lasted for 1 hour which gave sufficient time for attendance between 
lectures or during the lunch hour. A  small number of subjects (4) attended for 1 or 2 sessions and then either 
withdrew from the test programme or simply failed to attend future sessions.
Subjects were allocated a test code sequentially. No personal identification of the computer or experimental 
records was possible from these codes and the author kept the only copy of the table linking names with test 
codes.
9.2 Subject Profiles & Summary Information
A  summary of the number and dates of the test sessions for all subjects recruited in the B Series is shown in 
Table 9.1. The date of the initial test session is shown together with the interval from the first to subsequent 
sessions (in days).
Trial Code Session 1 Session 2 Session 3 Session 4 Session 5 Session 6 Test Time
bT 4/3/93 +5 +14 +19 +26 +28 09.30
B2 5/3/93 +14 13.00
B3 9/3/93 +7 +14 08.30
B4 9/3/93 +7 +14 +21 12.30
B5 10/3/93 +7 +26 +33 10.00
B6 10/3/93 +7 +26 +33 11.00
B7 11/3/93 +7 +14 12.30
B8 16/3/93 +7 +14 14.00
B9 18/3/93 +14 15,00
B10 22/3/93 +3 +7 +10 +14 +17 08.00
B11 22/3/93 +7 +14 12.30
B12 22/3/93 +7 +14 17.00
B13 23/3/93 +7 +28 +35 10.30
B14 5/4/93 14.30
B15 26/4/93 14.00
B16 27/4/93 +14 +45 13.00
B17 27/4/93 +7 +9 +14 12.30
B18 4/5/93 +2 +6 +7 14.30
B19 5/5/93 +7 +14 12.00
B20 10/5/93 L +7 +10 +19 12.30
B21 18/5/93 +17 +23 +29 11.30
B22 18/5/93 +21 +29 +51 15.00
B23 19/5/93 +14 +27 13.00
B24 19/5/93 +14 +21 +28 14.00
B25 1/6/93 +7 +17 +28 12.30
B26 1/6/93 15.30
B27 2/6/93 +7 12.30
B28 7/6/93 +1 +9 14.00
B29 11/6/93 14.30
B30 15/6/93 +2 +7 15.30
Table 9 .1: Summary of subject attendances from B series tests
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The anthropometric data and essential personal information collected at the first test session is summarised in 
Table 9.2. In the final column, the groups refer to Non-injured (NI), Injured (INJ) and Nominally Non-injured 
(NOM) classes. The SPECIAL group are those who participated in the one off test sessions.
Trial
Code
Sex Age U R
Handed
H T
(cm)
W T
(kg)
S-Fold
(cm)
Body
Density
Fat % Group
B1 F 26 R 165 56.0 35.2 1.049 21.9 INJ
B2 M 39 R 173 76.2 59.6 1.046 23.4 NI
B3 F 32 R 155 50.8 30.7 1.048 22.2 NI
B4 F 25 R 179 68.0 45.4 1.041 25.4 NOM
B5 M 23 R 168 58.5 26.1 1.074 11.1 NOM
B6 M 32 R 180 63.5 1.044 24.1 NOM
B7 F 19 R 168 79.8 84.8 1.024 33.3 NOM
B8 M 21 R 171 60.0 33.4 1.067 14.0 INJ
B9 F 25 R 168 76.2 NI
B10 F 31 R 170 60.3 NI
B11 F 40 R 1.63 59.9 33.0 1.040 25.8 NOM
B12 F 20 R 173 79.4 74.4 1.026 32.7 NOM
I B13 F 34 R 166 52.2 34.0 1.046 23.5 NOM
B14 F 21 R 163 60.3 INJ
B15 M 23 R 184 76.0 36.3 1.065 15.0 INJ
I B16 F 32 R 173 76.2 NI
i B17 F 27 R 165 62.6 INJ
I B18 M 46 R 170 75.0 68.3 1.034 28.9 NI
B19 M 23 R 178 76.2 30.2 1.069 12.8 NI
B20 M 34 R (L) 178 67.1 45.5 1.052 20.5 NI
B21 F 20 L 163 55.3 55.3 1.035 28.3 NI
B22 F 19 R 173 69.9 39.6 1.050 22.9 NI
B23 F 19 R 170 57.2 37.0 1.050 22.1 NI
B24 F 20 R 175 61.2 50.0 1.038 26.8 NI
B25 F 28 R 163 51.3 42.8 1.043 24.6 INJ
B26 F 19 R 157 60.8 SPECIAL
B27 F 20 R 160 53.1 42.1 1.043 24.4 INJ
B28 F 21 R 180 77.6 INJ
B29 F 18 R 165 57.2 SPECIAL
B30 M 31 R 179 80.0 36.2 1.057 18.1 NOM
111111*11 \sv::
Mean 26.3 169.8 65.3 45.6 1.047 22.8
SD 7.34 7.3 9.9 15.7 0.012 5.9
Table 9.2: Summary of main anthropometric data for B Series subjects
Eight subjects were unwilling to have their skinfold measurements taken at the first test session and one subject 
was unwilling to provide details with regards his weight.
Differences between the anthropometric data for the A  and B Series subjects were tested using 2 sample t tests 
(unequal sample variance). With the exception of the mean height, there were no significant differences in the 
values for the two groups (significance taken at p<0.05) and on this basis, the two groups were considered to be 
comparable on the variables measured. Table 9.3 gives the results of the comparative t tests.
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Factor
A Series 
Mean (SD)
B Series 
Mean (SD) t Test result P Significance
Age (yrs) 28.7 (8.27) 26.3 (7.3) 0.842 0.405 NS
Height (cm) 178.6 (3.2) 169.8 (7.3) 3.491 0.001 S
Weight (kg) 72.2(6.4) 65.3 (9.9) 1.958 0.058 NS
Skin Fold (cm) 39.4(16.3) 45.6 (15.7) -0.988 0.332 NS
Body Density 1.058 (0.019) 1.047 (0.013) 1.866 0.072 NS
%Fat 17.93 (8.36) 22.8 (5.9) -1.845 0.075 NS
Table 9.3 : Results of 2 sample t tests comparing anthropometric data from A  and B Series subjects
9.3 Test Procedure
The test procedure adopted during the B series tests was the same as that used in the A  series with the 
exception that the test chamber was not used (discussed in Section 8.11). Injured subjects were assessed 
clinically at the first session and as appropriate at subsequent sessions. Subjects completed a pain scale and 
measurements were made of active joint range, serial circumferential measurements for oedema and M VC 
muscle strength using a Penny and Giles handheld Myometer. The assessment sheets are included in Appendix 
G  together with the test procedures.
Although the current work was not primarily concerned with the psychological influences on the DSSP, it was 
acknowledged that it was an important variable to consider in order to identify the factor(s) which may be 
responsible for the skin potential variability noted during the A  Series tests. In the light of the possible 
relationship between induced psychological stress and variation in the DSSP which was demonstrated from the 
Stress tests, monitoring of the Skin Resistance Level (SRL) alongside the DSSP measurements was made for 7 
subjects. The SRL, measured from the fingertips is a standard procedure for monitoring background 
psychological stress (Brown 1967). No deliberate stress was induced during these tests and the aim was to 
identify whether the minute to minute variation in the DSSP was related to changes in tonic stress/anxiety 
levels. The experimental method and results are reported in Section .9.12
9.4 Results
The results for each subject in the B Series are detailed in Appendix K. The normal pattern (or potential 
profile) seen in the A  Series was largely reproduced for most of the non-injured subjects in the B Series but the 
differences between the mean potentials from the different electrode combinations (knee, medial, lateral and 
ankle) were smaller, giving rise to a flatter profile. The differences between the DSSP’s recorded from the non
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injured and injured groups of subjects were not as marked as had been anticipated. Some injured subjects 
potential profiles were significantly different from the ‘normal’ and matched the predicted injury potentials 
presented in Section 3.5 whilst others presented a profile which was almost indistinguishable from the non 
injured subjects in the series.
The results for each of the three main groups are considered separately with typical and extreme examples to 
illustrate the range of variation. The mean potentials, physiological and environmental variables together with 
any relevant clinical measurements from the test sessions are detailed in Appendix K.
9.5 Noit'Tnjure(1Subjects
Flat A  Profile
Of the 12 non-injured subjects, 10 presented with a potential profile which was generally similar to those in the 
A  Series, but were judged to be ‘flatter’. These were Subjects B2, B3, B6, B9, BIO, B18, B19, B20, B21 and 
B24. The knee and ankle potentials were of a similar magnitude to those in the A  Series, but with smaller (less 
negative) medial and lateral potentials resulting in a less well defined profile. Subjects B30, and B4 from the 
Nominally non-injured group also present with profiles which are very similar to those listed above. These two 
subjects had chronic low grade injuries and presented no clinical evidence of dysfunction at the time of testing 
and in this respect they are more closely allied to the non-injured than the injured group.
The mean potentials for Subject B3 are shown in Chart 9.1 as a typical example of the Flat A  profile. The first 
component of the chart shows the unseparated left and right limb potentials, with the second and third elements 
showing the individual limb results.
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Electrode Combination
Subject B3 -  All mean potentials - All sessions
Subject B3 - All left potentials
—♦—R1 
—m - R2
—• — R3
Subject B3 - All tight potentials
Chart 9 .1: Potential profile for Subject B3 over 3 test sessions
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Variations on Flat A  Profile
Within the group of 10 subjects with the ‘Flat A’ profile, there were 4 examples of individual electrode 
combination potentials which were not consistent with the majority although the overall appearance of the 
profile over the test sessions was consistent with the Flat A  appearance. The variations for these subjects could 
not be related to any of the monitored physiological or environmental variables.
The profile for Subject B6 was distorted by large (negative) potentials for the medial and lateral electrode 
combinations for both limbs at Session 3. The knee and ankle potentials at this session were in keeping with 
those from other days. There was a long interval between Sessions 2 and 3 (3 weeks) due to a vacation and this 
may account for the large difference, but at Session 4 (7 days later) the mean potentials had returned to their 
‘normal’ values.
The one subject whose profile most closely matched those of the A  Series was Subject BIO. The profile falls 
between the typical A  Series profile and the flatter profile seen in many of the B Series subjects. The right knee 
and lateral potentials at Session 2 lie outside the otherwise compact band though this can not be related to 
environmental or physiological variable differences. The left limb potentials are very consistent throughout the 
tests. A  correlation analysis for 11 factors against the mean potentials produced only 2 significant results (at 
p=0.05), these were for the right knee potential with activity and for the right knee potential with diastolic 
blood pressure. Given the large number of correlation results (88), a significant incidence rate of just over 2 %  
does not suggest that the results should be given too much credibility. As with Subject B6, the single session 
variation out of the normal pattern appears to be unrelated to the variables recorded and is either a 
physiological phenomena of ‘random’ potential fluctuation or is related to a factor which was not recorded.
The profile for Subject BIO is shown in Charts 9.2 and 9.3. Chart 9.2 shows both the combined and separated 
mean potential profiles, plotted by electrode combination whilst Chart 9.3 shows the mean potentials plotted by 
session which illustrated the common variation for each limb.
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Subject B10 - All left potentials
— Rt 
R2
—• — R3 
—A — R4
— 0 — R5
- D - R 6
Subject B10 - All right potentials
Chart 9.2: Subject BIO mean potentials over 6 test sessions
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Chart 9.3 : Subject BIO separted left and right limb potentials by session
The left limb potentials in Chart 9.3 show a variation which is common to the knee and medial potentials and a 
second variation which is common to the ankle and lateral potentials. On the right, the common variation is 
between the knee and lateral together with the ankle and medial potentials. The reason for this difference in 
association is unclear. In the A  series, the knee with medial and the ankle with lateral patterns were the most 
common variations, but nc£exclusively so. There were subjects for whom the ankle with medial and knee with 
lateral accouted for the common variation. The relationships for this subject and for others in the series are 
quite distinct and there does not appear to be any way to predict which electrode combinations will provide to 
common variation pairs. It was hoped that even allowing for the day to day variation in the mean potential, a 
consistent relationship would exist, but the results do not support a single variation model and its predictive 
value is therefore very limited.
The single session fluctuation of an individual mean potential is also seen from Subject B18’s results. The 
general profile is typical of the non-injured B series subjects with the exception of the left medial potential at
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Session 4. The left medial potentials for Sessions 1 to 3 were grouped in the -3 to -12m V band but the potential 
at Session 4 was significantly different at +27mV. The right limb potentials remained consistent throughout the 
sessions with no deviation associated with the Session 4 results. The correlation analysis between mean 
potentials and monitored factors failed to provide any significant relationship which could explain this outlying 
mean potential. As with Subjects B6 and BIO the fluctuation appears to be a random event in a time series 
although it is unlikely to he truely random - it is more likely that the factor(s) with which the variation is 
related were not monitored.
The last of the B Series subjects to present with a modified Flat A  profile is Subject B21. The overall profile is 
in keeping with the others from the series but the right limb potentials on Session 1 and the left limb potentials 
on Session 3 show what appears to be a reversed pattern with the medial and lateral potentials being more 
positive than the knee and ankle potentials (similar to the profile for Subject B23) The left limb data from 
Session 1 is unavailable for comparison due to high noise levels from the pre-amplifier connection. The Session 
3 data shows a normal profile for the right limb whilst the left limb shows the reversed potential. One possible 
explanation for this pattern is that the electrode connections to the pre-amplifier were reversed, thereby 
recording the correct potential magnitude hut with the opposite polarity. The electrode connection routine 
became very familiar to the operator and a simple error could have occured with a loss of concentration. That 
this should happen on two separate occasions, on opposite limbs would constitute a strong coincidence, but can 
not be discounted as the reason for the unusual profile. The variations can not he related to variation in the 
environmental or physiological factors.
Given the ‘random’ variations within the group of 10 B Series subjects, the dominant feature of the non-injured 
subject results was for the ‘flat A’ profile which was adopted as the normal response for this second series. The 
possible reasons for the difference between the A  and B series profiles are discussed in Section 9.6 below.
Non Flat A  Profiles
Of the two subjects who did not have a profile of this type, one subject (B23) presented with a reversed A  Series 
profile in which the medial and lateral potentials were more positive than the knee and ankle potentials and 
Subject B22, presented a profile which was similar to the A  Series in some respects, but showed considerable 
variation for both the knee and lateral potentials making inclusion in the ‘flat A  Series’ profile unreasonable. 
The reversed profile for Subject B23 could be attributed to an error in electrode connection, but for this to have 
occured on three separate occasions, and with both limbs simultaneously is very unlikely. Whereas the results 
from Subject B21 showed the reversed profile on 1 limb on each of 2 occasions, the variation for Subject B23 is 
consistent and appears therefore to represent a genuinely different profile rather than a variation of the 
dominantly normal theme. The subject was not injured and reported no medical problems which make this 
subject any different from others in the series. The factors monitored at the time of the tests provide no 
indication for the difference in potential profile. The anthropometric data is close to the mean value for the 
other subjects and the variation can not be related to test dates which were common to several subjects.
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The profile for Subject B22 has some elements in common with the other non-injured B Series subjects but has 
sufficient differences to make to results generally inconsistent. The knee potentials for both the left and right 
limbs were very varied with a range of +1 to +33mV on the left and 0 to -32mV on the right The extreme 
values for both limbs were recorded at the same session (1) and may be accounted for by an erroneous electrode 
connection. Even so, the magnitude is outside the normal range for knee potentials (+/- lOmV). The lateral 
potentials for this subject were also more variable than expected with a left limb range of -8 to -31m V and right 
limb range of +7 to -23mV. As previously, the environmental and physiological variables recorded offer no 
explanation for these variations and they fall into the ‘random fluctuation’ category.
9.6 Normal Pattern for Non-injured Subjects
As with the A  Series data, the normal pattern, using the combined mean potentials for all 12  non-injured 
subjects was calculated. The mean potentials for each electrode combination, based on a sample size of 75 
results shows the flatter version of the A  Series pattern described in the previous section. The results are shown 
in Table 9.4 and Chart 9.4.
Electrode Combination Mean Potential (mV) 
(N=75)
Standard Deviation (mV) 
(N=75)
Knee 1.64 5.76
Medial -7.51 11.08
Ankle -1.82 3.96
Lateral -11.55 11.36
Table 9.4: Mean and standard deviation values for non injured subjects from B Series tests
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Chart 9.4: Mean potentials (with standard deviation enror bars) for each electrode combination
(B Series Non-injured Subjects)
There are obvious similarities between the B Series non-injured subject results and those from the A  Series. The 
rank order of the mean potentials is the same (Knee, ankle, medial, lateral from positive to negative) 
confirming that the overall pattern of the potential is the same. The difference is clearly in the medial and 
lateral potentials which are smaller (less negative) for the B Series subjects. The mean values are based on a 
similar test numbers (N=70 A  series, N=75 B series). The standard deviations for the B series results are 
smaller for the knee and ankle but larger for the medial and lateral potentials. The most obvious comparison 
would be to use the coefficient of variation, but as previously discussed (Section 8.5) this would be 
inappropriate due to the small values for the knee and ankle mean potentials.
The differences between the A  and B series means were tested statistically using a 2 sample t test (unequal 
variance). The null hypothesis was that there was no significant difference between the mean potentials from 
the A  and B series tests. The level of significance was set atp=0.05. The results are shown in Table 9.5.
Electrode
Combination t P Significance
Knee 0.8854 0.378 Not significant
Medial 6.566 0.000 Significant
Ankle -1.050 0.296 Not significant
Lateral 6.282 0.000 Significant
Table 9.5 : Results of t tests for the difference in mean potentials between A  and B Series tests
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The results of the t tests confirm that it is the medial and lateral potentials which are different, with no
significant difference demonstrated at the 5 %  level between either the knee or the ankle potentials.
A  number of possible explanations were considered for this difference between two non-injured groups:
A) That there is a fundamental difference between the members of the two groups of subjects. This is not 
demonstrable from the personal details or anthropometric data collected (Section 9.2), but could be related 
to an unrecorded variable. This is not likely to be wholly responsible for the differences given that the 
correlation analysis on the variables recorded for the A  series did not establish any link between the 
anthropometric data and the general magnitude of the potentials.
B) That the difference is attributable to the B Series subject tests having not been conducted in the 
environmental test chamber. The A  series retest data suggested that the chamber made no measurable 
difference to the recorded potentials, however, this was made on the basis of a limited number of retests and 
could be an erroneous conclusion. If the test chamber did in fact make a difference, and that the difference 
was more marked with larger potentials (by producing a proportional change), then this could possibly 
account for the differences observed. It was not possible to use the chamber for the B series tests due to the 
problems of relocation. The only possible alternative would have been to continue testing at the University 
site and accepted a smaller samle of injured subjects. Future work could use this option to establish whether 
the chamber is, or could be responsible for the differences in mean potential.
C) That the environmental conditions at the two sites are significantly different and that the effect of these 
differences was not controlled by the test chamber. If the chamber failed to screen for a particular 
component of environmental exposure at the university site, and that the West London site did not 
experience that exposure, then the difference may be attributable to the geographical difference not 
withstanding the screening effect of the chamber. The detailed testing of actual environmental exposure to 
EM fields was not tested at either location and therefore this must remain a possibility. Given the discussion 
regarding the expected effects of the test chamber (Chapter 7), it is considered unlikely that an 
environmental factor, unscreened by the chamber was strongly present at one location but not the other. It 
remains possible however, and would need detailed EM environmental analysis to confirm this possibility.
D) That the difference may be attributable to seasonal variation in the activity of the skin potential generation 
mechanism. Christie and Venables (1971) and Edelberg (1968,1971) have suggested that there are seasonal 
effects on the generator mechanism for the traditional SPL (Section 3,6.7). The A  Series tests were 
conducted during November/December whilst the B Series tests were carried out during March-June. If the 
seasonal variation exerted an influence on the DSSP, then a proportional reduction in magnitude, which 
would be more obvious in the larger potentials, could account for the differences. The evidence for the 
published literature suggests that the ECF potassium ion concentrations are higher in the winter months
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(Section 2.1.4). Although it was proposed (Chapter 3) that this should not overtly affect the DSSP as any 
effect should be experienced by all electrode combinations similarly, it remains possible that seasonal effects 
on ECF ion concentrations could influence the general magnitude of the DSSP. A  more detailed 
investigation would be needed to confirm this hypothesis.
E) That the difference is attributable to in electrode or electrolyte dissimilarity. The time difference between the 
two test series means that electrodes from different hatches were used. Although the manufacturers employ 
rigorous quality control procedures, the electrodes are not specifically designed to record low level stable 
DC potentials. It is possible that a difference in electrolyte or metal for the electrode could have contributed 
to the differences observed. More than 10 hatches of electrodes were used during the pilot, A, B and C  
Series tests. If electrode differences were responsible for alterations in the DSSP, then meaningful 
interpretation of the results would be impossible. From the system evaluation and environmental chamber 
electrode tests (Chapters 5 and 7), differences between electrode batches may make a difference to the offset 
potentials, and possibly to the drift rate in absolute terms. These differences however were less than lm V  
and would not he considered a primary target for differences of the magnitude seen in this instance.
In the absence of data to confirm or disprove any of these suggested reasons for the difference between the A  
and B series mean potentials, the problem can not he resolved. If the work is to continue, the factors listed 
above will need to be investigated rigorously in order to identify why such a statistically significant difference 
in non-injured potentials between the two groups was demonstrated.
9.7 Injured Subject Results
The injured subject group was not as large as had been anticipated at the start of the trial. The provision of a 
low cost, on site treatment facility for students combined with the time needed to complete the test sessions 
have been identified as the major factors responsible. In addition, the restriction on the test time (within 30 
minutes of the set time on all occasions) limited recruitment from the sports students in particular as they had a 
very variable timetable.
The combination of the 8 subjects in the injured group with 7 subjects from the nominally injured group who 
had a recurrent injury or who were injured during the course of the trial (B4, B5, B7, B ll, B12, B13 and B16) 
gave a reasonable injured population. Within this group, ankle injuries were dominant with 7 acute or subacute 
ankle injuries. The knee problems totalled 5 with an additional 3 assorted injuries either of the thigh (2) or 
hindfoot (1). Table 9.6 gives the essential clinical details for each injury. Clinical assessment findings and 
detailed progress notes are included with the subject results in Appendix K. The groups in the right column 
refer to (A) ankle injuries, (B) knee injuries and (C) other injuries.
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Subject Clinical problem
Duration before first 
test session Group
B l Resolving (R) hamstring tear (semitendinosus) 2 weeks C
B4 Recurrance of old (R) ankle injury during test series. Minimal 
dysfunction
During tests A
B5 Single occurance of (L) knee locking during test series. 
Resolved within days
During tests B
B7 Bruising (superficial) (R) thigh, knee and leg + (L) thigh Few days before tests 
and repeated during 
tests
C
B8 Sub Acute (L) ankle injury. Postromedial ligamen teart 2 weeks A
B ll Occasional (L) knee pain. Non specific Several months B
B 12 Intermittent (L) hindfoot pain 6 months C
B13 Recurrent (L) patella subluxation. Chronic.
No subluxation in last 3 months but irritable at Session 1
During tests B
B14 (L) ankle injury. Lateral ligament tear 1 day A
B15 (R) ankle injury. Medial ligament involvement - resolving 2 weeks A
B16 Sub Acute, non specific (R) anterior knee pain 6 months plus B
B17 (R) ankle injury. Lateral ligament tear 1 day A
i B25 Post op - removal of AO screws (L) knee 11 days B
B27 (R) ankle injury. Recurrent. Lateral ligament involvement 10 days and again at 
3 days
A
B28 (R) ankle injury. Lateral ligament tear 1 day A
Table 9.6 : Summary data for 15 injured subjects participating in B Series tests
The relationship between the recorded potentials and the changes predicted by the DSSP Injury model (Section 
3.5) are discussed for each subject with the full results. Of the 15 injured subjects, 3 presented with a profile 
which was altered in keeping with the model predictions (B5, B 13 and B 14) and a further 3 showed changes 
which were consistent for the most part (B7, B8 and B15). The remaining 9 subjects either failed to 
demonstrate a difference between the injured and non-injured limb potentials (B l, B 11, B12, B16, B25 and 
B27) or presented a difference which was different to or opposite to that predicted (B4, B 17 and B28)).
Of the subjects with acute or sub-acute ankle injuries (N=7), 4 were inconsistent, 2 partly consistent and 1 
entirely consistent with the model predictions. 10 of the 15 subjects who were classified as injured show a 
profile which is not dissimilar to the non-injured ‘flat A ’ profile discussed in the previous section. As with the 
non-injured subjects, the profiles show what appear to be random fluctuations on occasions. If tables or charts 
of these results were presented with no additional information it would not be possible to accurately discern
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which subjects belonged to the injured and non-injured groups. This conclusion is largely subjective but relects 
the lack of consistent difference between the potential profiles and obviates the use of the current measurement 
system as a diagnostic or objective monitoring tool when applied under the circumstances described.
An example of the potential profile from an injured subject who demonstrates marked changes associated with 
the injury, the mean potentials for Subject B5 are shown in Chart 9.5. This subject was nominally non-injured 
but on the day before Session 3 he experienced an episode of locking in the left knee during a training session. 
The knee was painful and range was restricted at the time. On attending for the planned recording session the 
next day there were no overt clinical signs of dysfunction, pain or joint effusion. The left limb potentials at 
Session 3 were very different from those recorded at other sessions and the right limb potentials for Session 3 
show no abnormality. By Session 4, the potentials had returned to their ‘normal’ level. The direction and 
magnitude of the changes observed from the injured limb are consistent with those prediacted in the DSSP 
injury potential model (Section 3.5).
Subject B5 -  All right potentials
Chart 9.5 : Mean potentials for Subject B5 over 4 test sessions.(Left knee injury just before Session 3)
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Subject B25 had a complex injury history, but in the period immediately prior to testing, she had been admitted 
for the operative removal of 2 AO screws from the left knee (11 days prior to the first test session). The sutures 
were removed 1 day before Session 2. Both of these events involved tissue trauma and therefore a left/right 
difference in potential was anticipated. Chart 9.6 shows the potential profile for the 3 test sessions, and 
although there is a difference in the medial potential at Session 2 (after suture removal) it is seen bilaterally 
with no marked left/right difference. The operative site was at the lateral aspect of the knee and although it was 
considered possible for the medial potential to he more disturbed, the bilateral equality of the disturbance was 
not expected and cannot be explained in terms of the injury model. The first element of Chart 9.6 showing 
both the left and right potentials presents a general profile which is very similar to the non injured ‘Flat A ’ 
profile for Subject B3 (Chart 9.1)
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Subject B25 - All fight potentials
Chart 9.6 : Mean potentials for Subject B25 over 3 test sessions.(Leftknee - post operative)
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Further analysis of the data collected from both non-injured and injured subjects was conducted in order to 
identify any elements which could be related to the injury or recovery profiles so that further work could be 
appropriately directed.
9.8 Comparison of Injured and Non-injured potentials
Seven of the injured and nominally injured subjects presented with acute or sub-acute ankle injuries (B4, B 8, 
B14, B 15, B17, B27, B28) and this constituted the largest single injury group and further analysis was carried 
out on a between subject basis. The mean potentials from the injured and non-injured limb were compiled for 
all 7 subjects resulting in a mean knee, medial, ankle and lateral potential for the injured and non-injured 
limbs. The potential recorded at the session closest to the time of the injury were used. The results are presented 
in Chart 9.7 which shows the comparable injured and non-injured potentials for each electrode combination.
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Chart 9.7 : Mean injured and non injured potentials from 7 subjects with ankle injuries.
The chart shows that the mean potentials for the injured limb are consistently smaller (less negative) than those 
for the matched non injured limbs on the same occasion (session). The standard deviation (error bars) for the 
medial and lateral potentials are considerably wider for the injured limb potentials whereas those for the knee
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and ankle are not remarkably different The ankle injuries include both medial and lateral trauma which may 
account for both the medial and lateral potentials exhibiting the wide variation.
In view of this possible corruption of the analysis, the data from 4 of the subjects with ankle injuries, all of 
whom had sustained a predominantly lateral ligament complex injury were put through the same analysis. The 
results were similar to those obtained from the initial group of 7. The results are presented in Chart 9.8.
Chart 9.8 : Comparison of the potentials from subjects with lateral ankle injuries only (mean potential with
standard deviation error bars)
The differences between Charts 9.7 and 9.8 for the whole injured group and the lateral only injured group 
respectively are minimal. The only significant difference is that of the standard deviation values for the medial 
and lateral potentials, with the lateral only groups exhibiting a greater variation. The injury model predicts that 
for a lateral ankle injury, the medial and lateral and ankle potentials would all be more positive than the non 
injured equivalent signals. Considering the results from all 4 subjects with an equivalent injury, the predictions 
are upheld though with the wide variation in injured signals, the differences were not as marked as had been 
anticipated. If the injured and non-injured limb potentials for an individual subject were compared, the 
difference attributable to the injury may not be apparent and this minimises the potential for the clinical 
application of the system.
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Comparison of potential profiles for matched subjects
The main hypotheses set out in Section 1.4 propose that the mean potentials recorded from equivalent electrode 
combinations on the same session would not differ significantly and furthermore that when the potentials were 
recorded at subsequent sessions, there would be no significant change. Although the results for non-injured 
subjects in the A  and B series tests have presented what appears to be a common potential profile, with the knee 
and ankle potentials grouped around the OmV band, and the medial and lateral potentials presenting a more 
negative value, there are considerable variations between the left and right limb potentials for some subjects 
and the day to day variation can be marked.
The demonstration of the variability of the potentials from non-injured subjects makes analysis of the injured 
limb potentials difficult. By adopting statistical trawling techniques, test results can be produced to support 
appropriate similarities or differences between potentials, but it has not been possible to identify a valid 
statistical procedure which provides consistent results for both the injured and non-injured subjects. With the 
variability of the non-injured mean potential, the differences between injured and non-injured limb potentials 
are inconsistent. Some potential profile for injured subjects do fit the model presented in Section 3.5, but there 
are significant exceptions (outlined in the previous sections and detailed in Appendix K). Detailed correlation 
and regression analysis for the A  Series test results failed to demonstrate any consistent links between the 
variability of the mean potentials and the physiological and environmental variables monitored.
The correlation analysis which was conducted with the A  Series results failed to demonstrate any consistent 
relationships between the mean potentials, environmental or physiological variables monitored. The analysis 
was repeated for the B series subjects with very similar results. A significant correlation level was taken at 
p=0.05 as previously and an identical method was adopted (see Section 8.8). The rate of significant correlation 
between the mean potential and environmental variables (room temperature, humidity and barometric pressure) 
was 3.5%  (compared with 5.4% for the A  Series). The correlation with physiological variables for the B Series 
was 4.5% (compared with 8.5% for the A  Series). The very low rate of significant correlations included both 
positive and negative results with almost all factors being represented for some subjects. Given the expected 
rate of significant results due to chance (or error) of 5 %  the results from the B Series correlation analysis were 
not considered to have demonstrated any difference in the relationships between the mean DSSP and the 
variables recorded at each session. The detailed analysis and multiple linear regression which was used in the 
previous results were not replicated. There was no difference in the incidence rate for injured or non-injured 
subjects.
In view of the inconsistency of the results obtained to this point, the pattern of the potentials for matched pairs 
of subjects was considered as an alternative to further detailed statistical analysis. The aim of this investigation 
was not to try and prove the hypotheses generated at the onset of the work, but to consider a broader 
relationship, accepting that mean potential variability appeared to be the norm for both non-injured and injured 
subjects.
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Non-Iniured subject comparisons
Two non injured subjects from the B Series were matched on as many variables as possible, including test 
session dates in order to consider the pattern of variability of the mean potentials. Subjects B 10 and B ll  were 
matched on the essential variables recorded at the initial session. The details are shown in Table 9.7.
Subject Sex Age R /L Handed Height (m) Weight (kg)
BIO F 31 R 1.68 60.3
B ll F 40 R 1.70 59.9
Table 9.7 : Essential details from matched non injured subject pair
The skinfold tests were not carried out for Subject B 10 and the subjects could not therefore be objectively 
matched on this parameter. Subjectively, there did not appear to be a marked difference between them. The 
factor which is least well matched is the age of the subjects, though the previous analysis appears to show that 
this is not a significant factor.
Both subjects were non injured and remained so throughout the test series. Importantly, both subjects attended 
for tests on the 22nd March and 5th April - a 14 day interval. For Subject BIO these were Sessions 1 and 5, 
whilst for Subject B ll they were Sessions 1 and 3.
The difference in the mean potentials from each electrode combination on both limbs was compared. The 
results are presented in Table 9.8. which shows the shift in potential from Session A  to Session B
Electrode Combination Potential Shift (mV) (Session A  to Session B)
Subject B10 Subject B ll
Left Knee +3.9 + 11.8
Right Knee +8.6 -14.9
Left Medial -4.9 . +9.7
Right Medial -16.0 +2.6
Left Ankle -3.5 +29.1
Right Ankle -0.2 -2.0
Left Lateral -8.8 -3.0
Right Lateral -18.6 +19.9
Table 9.8 : Mean potential shift between comparable sessions for Subjects BIO and B ll
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The changes for Subject BIO are consistent on a left/right basis - the shift is always in the same direction even 
if there is a difference of magnitude. The same phenomenons not demonstrated with the shift pattern from 
Subject B ll. The dissimilarity in the shift patterns from the two matched subjects tested on the same days 
supports the hypothesis that the differences are related to the individual rather than a common temporal 
phenomenon - i.e. based on the day (date) of the test
The analysis was repeated for a further pair of non injured subjects (B23 and B24) whose summary details are 
shown in Table 9.9.
Subject Sex Age R /L Handed Height (m) Weight (kg) % Fat
B23 F 19 R 1.70 57.2 22.1
B24 F 20 R 1.75 61.2 26.8
Table 9.9 : Essential details from matched non injured subject pair
The subjects are not as well matched as the first pair, but the differences were not considered to be too large. 
The subjects were both tested for the first time on 19th M ay. Subject B23 was tested for the third time on the 
15th June and Subject B24 for the fourth time on 16th June, giving a 28 and 29 day interval respectively.
The difference in mean potentials from the sessions was calculated in the same way as for the previous subjects, 
and the results are presented in Table 9.10.
Electrode Combination Potential Shift (mV) (Session A  to Session B)
Subject B23 Subject B24
Left Knee +25.6 -2.1
Right Knee -1.6 -0.7
Left Medial +5.9 +3.8
Right Medial +6.0 +2.7
Left Ankle +4.0 -2.0
Right Ankle +5.5 +0.2
Left Lateral +5.4 +3.2
Right Lateral +7.8 +0.7
Table 9.10 : Mean potential shift between comparable sessions for Subjects B23 and B24
As with the previous matched pair results, there does not appear to be a direct link between the direction or the 
magnitude of the change in mean potentials. This adds strength to the suggestion made above that the changes 
in potential are based on a variable or variables common to the individual, not to the test date.
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A  similar comparison of an injured subject with a matched non-injured subject was carried out. Subject B13 
was nominally in the non injured group, with a minor problem at Session 1. This had settled by Session 2 and 
therefore the comparison avoids Session 1 data. Subject B 17 was injured, being tested 1 day after a right ankle 
injury. The data from Sessions 1 and 2 were used in order to investigate the shift in potential with recovery. 
The essential matching data is shown in Table 9 .11.
Subject Sex Age R/L Handed Height (m) Weight (kg)
B13 F 34 R 1.66 52.2
B 17 (injured) F 27 R 1.65 62.6
Table 9 .11 : Essential details from matched injured and non injured subject pair
Subject B13 Sessions 2 (27/4/93) and 3 (4/5/93) were matched with Subject B 17 Sessions 1 (27/4/93) and 2 
(4/5/93). The inter session interval was therefore 7 days for both subjects. The comparison of shift in mean 
potentials, following the same procedure as previously is detailed in Table 9.12.
Electrode Combination Potential Shift (mV) (Session A  to Session B)
Subject B13 Subject B 17
Left Knee +8.5 -10.0
Right Knee +17.6 -2.0
Left Medial +8.2 + 1.1
Right Medial +9.8 +17.6
Left Ankle +7.4 +3.4
Right Ankle +10.3 -6.6
Left Lateral -2.5 +10.9
Right Lateral -5.2 +8.3
Table 9.12 : Mean potential shift between comparable sessions for Subjects B13 (non-injured) and B 17
(injured)
As previously, the shift pattern from the matched subjects is dissimilar. The difference could be attributable to 
the injury but in view of the differences in shift pattern seen with matched non-injured subjects, this can not be 
confirmed.
The shift pattern that is predicted by the injury model would be for die increased positive potential medially, 
laterally and at the ankle to return towards their baseline positions. This would involve a move towards a more 
negative potential. This is not seen for the medial or the lateral potentials though it is for the ankle potential.
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The potential profile for Subject B17 clearly did not fit the expected changes soon after the injury, and it would 
appear that the shift pattern over the ensuing days is also contrary to the predicted changes. That the changes 
are different from a matched subject tested on the same days suggests that it is not a temporal (date) based 
phenomenon. It is possible that the conformity of the injury potentials from some subjects with the predictive 
model (B14, B5 and B7 in particular) could be coincidental, though the strength of the results in some cases 
were well beyond the limits seen from most non-injured subjects in both the A and B series.
As a final component of the shift pattern analysis, 8 non-injured subjects with an inter-session interval of either 
7 or 8 days were compared with 2 injured subjects, also tested at a 7 day interval commencing 1 day after a 
right lateral ankle injury (Subjects B17 and B28). The non injured subjects were matched as far as possible on 
the essential statistics presented previously. Table 9.13 indicates for each subject the direction of the shift in 
mean potential over the 7 day period. The magnitude of the shift has not been analysed in this context - only 
the polarity shift.
Electrode
Combination
B3 B4 B7 BIO B ll B12 B22 B24 B17 B28
L Knee + - - - - + -
R Knee - + - - - + - * ■
L Medial + - + - - - + * ill!
R Medial - + - - - - + lf| | » +
L Ankle + + + + + + - +
R Ankle + + + + - - +
L Lateral + - + + - - - + * i i l l i i i i
R Lateral + - + - + - - + l l l l i ! 4
Table 9.13 : Polarity shift pattern for 8 non injured and 2 comparable injured subjects over a 7 day period.
(Subjects B17 and B28 on the right are injured)
There are three striking features of the polarity shift pattern. Firstly that the pattern for the two similarly 
injured subjects are identical. Secondly, that the shift pattern seen for the injured subjects is not repeated in the 
non injured group. Thirdly, that within the 8 non-injured subjects, there are no repetitions of a polarity shift 
pattern.
As with previous elements of the A and B Series analysis, these phenomena could be coincidental, and with 
samll subject numbers, it is very difficult to establish with any great certainty that the result is not due to 
chance. It is considered significant that the injured patterns are identical given that the injuries are of the same 
tissues and were measured at the same time intervals in relation to the injury.
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The potential profile and shift pattern following injury for Subjects B17 and B28 are partly inconsistent with 
the injury model. The model predicts that the potential shift in the period following the injury should be from 
the more positive initial potentials towards the ‘normal’, i.e. a negative shift. This is not seen for these two 
subjects in terms of the medial and lateral potentials though the ankle potentials follow the predicted shift 
pattern..
The magnitude of the polarity shift for the two injured subjects are shown in Table 9.14 for comparison.
Electrode Combination B17 mean potential shift 
from Session 1 to Session 2
B28 mean potential shift 
from Session 1 to Session 3
Left knee - 10.0 -10.9
Right knee -2.0 -5.5
Left medial +1.1 +5.9
Right medial +17.6 + 11.6
Left ankle +3.4 +6.6
Right ankle -6.6 -3.0
Left lateral + 11.0 +33.8
Right lateral +8.3 + 15.1
Table 9.14 : Magnitude of polarity shift for Subjects B 17 and B28
There are several similarities in the magnitude of the shift pattern for the two injured subjects. Both injuries 
were to the lateral aspect of the right ankle and the general difference between the right and left shift 
magnitude is similar for the knee, medial and lateral potentials. The shift pattern for the ankle is not clear other 
than for the polarity of the shift.
In order to establish the relevance of these changes to the site and nature of the injury, a specific clinical trial, 
recruiting only subjects with equivalent injuries would be required. The time available and the subject 
availablility did not enable this work to be undertaken within the current project.
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9.9 Summary
The B series presented a variety of non-injured, ‘nominally non-injured’ and truely injured subjects. Generally, 
the number of sessions attended was lower than in the A  Series which was an inevitable consequence of the 
time taken to complete each test session.
Comparison of the non injured subject results from the A  and B series demonstrated a significant difference in 
the magnitude of the medial and lateral mean potentials. The reasons for this difference have been considered 
but confirmation for the cause of the differences have not been established.
10 of the 12 non-injured subjects presented a potential profile generally in keeping with the A Series results 
apart from the magnitude differences which are discussed. The typical B Series non injured profile is referred to 
as the ‘Flat A ’ profile.
Comparison of injured and non-injured limb potentials has shown that the injury model predictions are 
supported when all injured subject potentials are combined, though individual subjects did not always present a 
profile which agreed with the predicted changes. The variability of the potentials, both on a left/right and a 
session to session basis was marked in some cases.
The potential shift pattern was considered for matched subjects in order to determine whether the changes were 
related to global conditions on the day of testing, or due to individual differences. The results strongly support 
the latter view.
Lastly, comparison of the injured subject potential shift pattern in the period following injury has shown that 
there are some consistencies between injured subjects which are not replicated in a matched non-injured subject 
group. Due to small sample sizes, these differences may be due to chance and without further collaborative 
evidence from a further clinical trial, this shift pattern investigation cannot reach any definite conclusions.
The investigation of the relationship between surface (DSSP) potentials and psychological factors within the A  
Series tests had indicated that following a marked cognitive stress (the mock IQ test), there was a change in 
potential which was generally mirrored bilaterally and correlated with the apparent stress. Monitoring of the 
baseline skin resistance (Section 9.11) was therefore undertaken in order to consider the relationship between 
the DSSP and the skin resistance level (SRL). The test method and results are reported in the next section.
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9.10 B Series Stress Tests
The B Series tests included two additional specific test procedures which were used to investigate the possible 
relationship between psychological stress and the variability of the DSSP. Firstly, stress levels were monitored 
from 7 subjects during a normal test session (the Biogram tests - Section 9.11) and secondly, the deliberate 
stress tests applied during the A  Series were repeated with two further subjects (Section 9.12).
9.11 B Series Biogram Tests
During the B Series tests, simultaneous measurements were made of the DSSP and the subjects skin resistance 
level (SRL) in order to evaluate the possible links between the two electrodermal phenomena.
The results of the deliberate stress tests during the A  Series tests (Section 8.12) has shown that a large 
alteration in the individuals stress level appeared to be associated with changes in the skin potential in the 
lower limbs. The aim of the simultaneous SRL and DSSP measurements was to determine whether the minute 
to minute variation in the skin potential was related to the variation in SRL which in itself is a reflection of the 
individuals psychological stress (Brown 1967, Greenfield and Stembach 1972). The skin resistance (SRL) 
measured from the fingertips was adopted as being the most appropriate measurement method for these tests, 
and this was confirmed by White (1994) in his study of the relationship between deliberate stress, DSSP and 
SRL measurements. The skin resistance had not been measured during the stress test as the SRL electrodes 
needed to be applied to the right hand fingertips which interfered with the written IQ test
The absolute SRL was not of direct concern in these tests, but the variation in SR from a baseline level could be 
correlated with the potentials from the left and right legs during quiescent periods (i.e. with non stimulated 
subjects). If the minute to minute variation in DSSP’s could be correlated with changes in the SRL, then it 
might be possible to explain some or all of the recorded variation which had not consistently correlated with 
any of the environmental or physiological variables monitored.
9.11.1 Equipment and Test Procedure
The device available for the SRL monitoring was a Biogram Skin Resistance device (Synergy Software, Luton) 
which had been developed as a feedback unit for use in clinical psychology and rehabilitation. Following 
convention for SRL measurement, bare metal (copper) electrodes are attached to the fingertips of the index and 
middle fingers (of the right hand in these tests), and a constant voltage of 0.4V is applied to the plates. The 
Biogram unit was interfaced to a BBC B microcomputer using the analogue port. Signal changes are 
interpreted by the computer using the software elements supplied with the unit which was incorporated into a 
custom programme. The signal was sent to the computer at the maximal rate for the instrument of 5.9Hz.
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The data was sent to an array in the computer memory which could then be downloaded to disc for later 
analysis. As with the software written for the recording of the skin potentials, a data recovery and statistics 
programme was also written which included a routine to convert the BBC internalised format data to an ASCII 
format which could in turn be sent to the PC for combined analysis with the skin potential data.
The Biogram unit settings are adjusted to bring the signal within a mid range band, which with tire instrument 
on a ‘normal’ sensitivity permitted an adequate range of SRL to be reorded. With more sensitive settings (i.e. 
greater signal amplification), the changes in baseline were more pronounced, but if the subject became 
psychologically aroused during the test period, the signal exceeded the range and data was effectively lost. The 
operating setup was therefore a compromise between the ideal (maximal signal gain) and the practical range of 
the equipment. More sophisticated SRL measurement devices are available, (e.g. the Grass Amplifier system), 
but at the West London Institute, there were not a Grass Systems and the unit at the University could not be 
transported for the purpose of these tests. The biogram instrument as used provides an index of the changes in 
SRL relative to the initial level. The values recorded are in arbritaiy units and this together with the variation 
in the initial value between subjects made repeated measurement impractical as the results could not be 
compared. The scaling factor is equal for all subjects, but the start point, taken as zero on the normalised data is 
in fact different for each subject: The equipment used offered no facility for determining this initial level.
The equipment was piloted on the author and staff members who volunteered, enabling development of the 
software and the range settings to be determined. It was proposed to collect the SR data in addition to the 
routine DSSP test data from B Series subjects who were already involved with the test programme. Seven 
subjects who were being tested at this time volunteered for the additional tests. The test session took no longer 
with the combined SR and DSSP measurements except for a few additional seconds for setting up two 
computers for each test instead of one.
In order to correlate the SRL and DSSP signals as closely as possible, the workspace was arranged so that both 
the BBC and PC computers were sited together at the operator station (see Diagram 9.1). After initialisation of 
both measurement systems, the recordings from the two units were commenced by simultaneous single key 
strokes. Synchronisation of the two signals was achieved within the spreadsheet (Microsoft Excel V5.0) and 
although perfect synchronisation for the start of data collection was not achieved, the data in the spreadsheet 
was matched to within 1 second which was considered to be sufficiently accurate for a preliminary 
investigation.
9.11.2 Subjects and Tests
Subject B29 was the first subject on whom the combined systems were tested. This subject had not been 
involved in any of the development work and was therefore not influenced by previous knowledge. Chart 9.9
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illustrates the variation in the potentials recorded from the lateral electrode combinations of both limbs together 
with the variation in SRL measured from the index and middle fingers of the right hand. The SRL data has 
been normalised with the initial reading taken as zero and the subsequent values plotted according to their 
relative magnitude to this original value.
No deliberate stress was induced during the test, and as far as possible, the test conditions were identical to the 
routine skin potential tests used for the rest of the B Series subjects.
0 1 2 3  4 5
Time (min)
Chart 9.9 : Subject B29 - simultaneous SRL and DSSP data
Data had not been collected previously from Subject B29 and it is not known therefore whether the skin 
potential pattern, which appears to be a mirrored signal from the contralateral limbs, was ‘normal’ or not. The 
results show that the largest variation in the skin potential signal (at approximately 1 minute into the test) is 
accompanied by a relatively large alteration in the SRL. The variation in the SR levels after this large variation 
were accompanied by changes in the DSSP signals. The results of this single test were not analysed in detail as 
they simply served as a pilot test to see whether the equipment and protocol worked as expected.
9.11.3 Results
The results of the tests from each subject are shown separately as a series of charts in Appendix L. The SR 
levels were recorded at a single session for each subject with all 4 electrode combinations. With the exception
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of Subject B25, all subjects were from the non-injured group. There was no significant difference in the 
relationship between the variables for the injured and non injured subjects.
As for Subject B29, all charts use a normalised value for the skin resistance. This method of scaling offers a 
more direct method for comparing variability between different electrode combinations. The variability of the 
SRL varied considerably between subjects with some showing a marked variation and others almost no change.
An example of a test result in which there is no apparent correlation between the variability of DSSP and SRL 
values is shown in Chart 9.10 (Subject B22, knee data)
Skin Resistance
 S P R
 S P L
100
Time (min)
Chart 9.10 : Subject B22 DSSP and SRL data from knee test showing no correlation
The results which suggested there was a link between the variables showed both positive and negative 
correlations. Subject B25 provides a good example of each with the ankle test illustrating a strong positive link 
(an increase in DSSP being associated with an increase in the SRL) shown in Chart 9 .11, whilst the medial test 
results from the same subject shows a negative correlation (Chart 9.12).
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Chart 9 .11 : Subject B25 DSSP and SRL data from ankle test showing a positive correlation
0 1 2  3 4 5
Time (min)
Chart 9.12 : Subject B25 DSSP and SRL data from medial test showing a negative correlation
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9.11.4 Analysis
From the charts of the B Series DSSP and SRL tests, it can be seen that some test results show a clear 
relationship between the two variables. In addition to a statistical analysis (below) of the relationship, an initial 
impression was gained from the charts.
Subjects B22, B23 B24 and B30 showed no obvious relationship between the variables. The results show that 
either the DSSP remained relatively stable whilst the SRL varied (e.g. Subject B30, knees), or that both the 
DSSP and the SRL varied but not in a recognisable pattern (e.g. Subject B23, medial). For some subjects, there 
were quite clear associations for some electrode combinations and no apparent association for others. Subject 
B18 for example showed no real link for the knee, ankle and medial combinations, but for the lateral 
combination there was a more obvious negative correlation between the DSSP and SRL values. The slow rise in 
DSSP up to 2.5 minutes was accompanied by a gradual fall in SRL, and at 3 minutes, a rapid fall in DSSP was 
followed by a rise in SRL. This relationship is supported by the Pearson correlation analysis (below) giving a 
correlation coefficient (r) of -0.39 for the left limb and -0.45 for the right. These results are significant at 
pcO.OOl.
In summary, the variability of the association between the DSSP and SRL data from a visual impression does 
not provide a dominant pattern. These subjective results were checked by means of a statistical correlation test 
in case there were variations which were less obvious.
Using the results from the 7 Biogram tests, a correlation analysis was performed between the DSSP and SRL 
data from each subject. The potentials from each limb were correlated with the corresponding resistance values. 
This gave a total of 56 correlation results (7 subjects x 4 electrode combinations for each limb), each testing the 
strength of the relationship between corresponding potentials from one limb and resistance values. The null 
hypothesis in each case was that there was no significant association between the DSSP and SRL values. In a 5 
minute test period 1780 SRL measures are recorded. These were matched with the equivalent (time matched) 
DSSP values for the purposes of the correlation analysis. The Pearson correlation technique was adopted, and 
with a large sample size, the r value required to achieve significance (set at p=0.05) was low (0.06). The risk of 
using large samples and low correlation (r) critical coefficients have already been identified, but inclusion of all 
possible data was felt to provide the required accuracy in the results. Omission of 50%  of the data points would 
have made little difference to the critical r value, but would have increased the possibility of rejecting the null 
hypothesis erroneously somewhat greater. The risk of applying correlation analysis techniques to this type of 
data is considered in more detail in a later part of this section.
50 of the 56 correlation results proved to be significant, suggesting that there was a strong relationship between 
the variation in the lower limb DSSP and the skin resistance measured from the fingertips of the right hand. As
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previously, it is important to note that a significant correlation does not necessarily signify a cause-effect 
relationship, but rather that the two data sets are related or associated in some way. The pictorial representation 
of the relationship appears to show quite clearly in some cases that a change in potential is accompanied either 
at the same time, or after a delay, in a variation in the skin resistance. Furthermore, the associated changes are 
most strongly seen when the variations are large and rapid. Small fluctuations are not always accompanied by a 
matched variation.
Of the 50 significant correlation results, there was an almost even division between significant positive and 
significant negative correlations (44% positive, 56% negative). This is possibly one of the more facinating 
components of the analysis in that it suggests that for some subjects, an increase in potential is associated with 
a decrease in resistance whilst for other subjects, an increase in potential is associated with a corresponding 
increase in resistance. This finding is not entirely consistent with Edelbergfs model presented in Section 2.1 in 
which an increase in stress is associated with an increase in negativity at the skin surface.
A more detailed consideration of these results revealed that the difference in the direction of the correlation 
varied both for individual subjects and also for each electrode combination. For example, Subject B18 had 
significant correlation results for both limbs at all electrode combinations. Three were significant positive 
relationships and 5 were significant negative relationships. If the positive/negative count is considered for a 
particular electrode combination, e.g. the left knee, it can be seen that there were 4 significant positive and 3 
significant negative correlation results.
Table 9.15 shows the distribution of significant positive and negative results both by subject and by electrode 
combination. A  sign (+ or -) in parenthesis indicates a non significant result at the 5 %  level.
Subject Knee Medial Lateral Ankle
Left Right Left Right Left Right Left Right
B18 + + + - - - - -
B21 + + - - - (-) + +
B22 - + + + + 4 - ( - > -
B23 + - - - - e +
B24 - _j_ + ( + ) - - ( + ) ( + )
B25 - - - - - - + +
B30 + + - - + - - -
Table 9.15 : Results of the correlation analysis by Subject and Electrode combination (symbols in parenthesis
indicate a non significant result)
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The value of an established consistent relationship between the variables could be in compensating for 
variations in the DSSP by means of the SRL using linear regression techniques. Although this would be an 
involved technique, it could offer a solution to the DSSP variability problems identified previously. The 
approximately equal division between the two significant but opposite groups of results effectively eliminates 
this as a practical option. If all the significant results had been in the same direction, it would be reasonable to 
develop a physiological or psychological model which described the relationship between the skin resistance 
and DSSP changes. The published research has established that both the skin potential and skin resistance 
phenomena exhibit both phasic and tonic elements which are related and are in turn related to 
psychophysiological events (Chapter 2). The rationale for adopting a differential skin potential measurement 
technique included an argument that the DSSP technique would minimise or eliminate the influence of the 
stress related changes (Chapter 3). The results of the stress monitoring tests do not appear to support that 
hypothesis.
The size of the sample used for each correlation analysis was large (N=1780) resulting in a small critical r 
value which needed to be surpassed before a significant relationship could be established. Statistical tables often 
only provide critical r values for samples of up to 100-200. Altman (1991) for example gives critical values for 
r for samples between 3 and 150 observations. Cohen and Holliday provide critical values for samples of up to 
N=1000, which is unusual but useful in this instance. The critical values for r when p=0.05 is 0.062 at N=1000. 
Thus, in order to achieve significance (i.e. to reject the null hypothesis) the calculated r value need only exceed 
0.062. By way of comparison, for a sample size of 15 observations, the value for r which needs to be exceeded 
is 0.514 to achieve the same level of significance.
Altman (1991) argues that there is a risk in using the correlation tests for large samples as the null hypothesis 
(of no relationship) can be rejected witli very small correlation coefficients due to the strong influence of the 
sample size. Although the tests are not incorrect, it was considered important that this issue was investigated 
more fully. As an additional index of the strength of the relationship between the two variables, the lOOr2 value 
can be calculated. This value represents the percentage of the variability of the data that is explained by the 
association between the two variables (much as the R2 value for a linear regressions). If the lOOr2 gives 65.0 for 
example, it means that 65% of the variation between the samples can he explained by the relationship between 
them, the remaining portion must be attributed to another factor or factors or chance.
Considering the lOOr2 values for the 56 tests conducted with the stress data described above, it was found that 
the levels were generally low, giving a poor strength to the relationship even though statistically the results 
were significant. It was found that only 3 of the 56 test results gave a lOOr2 value in excess of 50% which was 
selected as an arbitrary level. The mean lOOr2 result was 14.5 with a standard deviation of 16.5. Applying 
Normal distribution probability theory to these summary statistics, this means that 95% of the correlation 
results would be expected to give a lOOr2 value of below 46.8%.
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9.11.5 Discussion
It is suggested therefore that although statistically, there appears to be a significant relationship between the 
skin resistance measured from the fingertips and the DSSP recorded from the lower limbs, the strength of the 
results are very strongly influenced by the size of each sample, and that the proportion of the variation which 
can actually be explained by the correlation is on average quite small at 14.5%. When this emphasis on the 
correlation results is combined with the equality of the division between positive and negative correlation 
results, there remains no clear indication as to the nature of the relationship between the two electrodermal 
factors under the conditions applied during these tests. The graphical representation of Biogram test results 
suggests that the two phenomena do not vary in isolation, and are related in some way, whether as a cause 
effect or simple covariation relationship. The results from the tests conducted using the differential skin 
potential measurement technique do not enable that relationship to be more accurately identified.
9.12 B Series Stress Tests
Two subjects from the B series agreed to participate in the stress tests which had been used with the A Series 
subjects (Section 8.12). The procedure that was adopted for these tests was the same as for the A  Series, with 
the exception that the environmental test chamber was not used.
A  single electrode combination was used (medial) and data collected over a 15 minute single test period. The 
initial 5 minutes constituted a rest period, the middle 5 minutes involved the completion of the ‘mock IQ ’ test 
and the final 5 minute period, a recovery period. As with the previous stress tests, the routine monitoring of 
physiological and environmental variables continued in order to suggest the ‘normality’ of the test procedure. 
Neither of the two subjects recruited were aware of the exact purpose of the stress test other than to consider the 
effect of cerebral activity on the measured potentials.
9.12.1 Subject B l :
The stress test was applied at Session 4 (out of 6) for tins subject, using IQ Test B (Appendix J) utilised 
previously. The physiological and environmental conditions were not significantly different from those at the 
other test sessions. The heart rate was monitored at 30 second intervals, and Chart 9.13 shows the skin 
potentials from the left and right medial electrode combinations together with the heart rate for the 15 minute 
test period.
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Chart 9.13 :Stress test data from Subject B1
The similarity between the left and right limb potentials throughout the test period can he seen, with a bilateral 
response at the onset of the IQ test. The heart rate was increased shortly after this time, though the changes 
were not as marked as those seen in Subjects A l and A8. As previously, the heart rate also increased at the end 
of the test phase though for Subject B l, it remained high and somewhat erratic for much of the recovery period. 
The inverse relationship between heart rate and DSSP is most likely related to the stress changes as correlation 
analysis between DSSP and heart rate (A and B Series routine tests) have not shown significant results.
The changes in the lower limb potentials were similar to those from the A  Series subjects, with an increased 
negativity during the middle phase and a return towards to the pre-stress levels during the recovery phase. The 
magnitude of the skin potential changes were not as marked as those in Subjects A l and A8, though this is 
possibly due to the habituation type effects. Subject B l had taken two courses in psychology and was therefore 
used to imposed psychological stresses. This may have minimised the amount of stress induced by this type of 
test procedure.
9.12.2 Subject B13:
The stress test was applied at the initial test session as the subject was not able to attend for the full hour and 
was happy to do the stress test first. The medial electrode combination was used as previously following the 
same protocol as with Subject B l except that IQ Test A  (Appendix J) was used. The left and right limb medial
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potentials and the heart rate (monitored at 30 second intervals) for the whole 15 minute test are shown in Chart 
9.14.
-Left 
-Right 
- Heart Rate
Chart 9.14 :Stress test data from Subject B13
The results of the heart rate changes are consistent with those from other subjects, with the first peak soon after 
the commencement of the IQ test and a second peak towards the beginning of the recovery phase. There are 
some differences in the skin potential responses. The steady reduction (becoming less negative) of the left and 
right DSSP’s during the initial rest phase is effectively continued in the recovery phase after the applied stress 
although the relative positions of the left and right DSSP’s are reversed. During the stress phase there is an 
increased negativity of both left and right DSSP’s which is entirely consistent with previous results. The 
difference between the left and right potentials is lost for a period of one and a half minutes. It is unclear which 
limb potential deviates from its predicted pattern, though the change of some 2mV is relatively small. This 
DSSP change has not been seen in other stress test results but has been observed on several occasions during 
routine testing.
9.12.3 Discussion
The two stress tests conducted with subjects from the B Series give results which are largely consistent with 
those from the A Series tests. At the start of the second phase (starting the mock IQ test) there is an increase in
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heart rate and an increased negativity of the skin potentials. Both the heart rate and skin potentials tend to 
return to, or towards their baseline levels during phase 3 (the post test recovery phase).
The increased negativity of the potential dining stress is in keeping with the changes predicted from the 
transcutaneous skin potential model and probably arises as a result of an increased sweat gland activity at the 
ankle electrode site relative to the knee electrode site. The changes appear to be approximately equal in both 
limbs and therefore even if there is an increase in stress during the routine testing, it is not expected to affect 
the left/right limb potential relationship, though the standard deviation for the mean potential from such a test 
would be increased.
9.13 Conclusion
The overall conclusion for the A and B Series stress tests and the simultaneous monitoring of psychological 
stress during routine testing is that for some subjects at least, a relationship does appear to exist between the 
variables. The covariation in the magnitude of the two electrodermal signals is strong and consistent for the 
deliberate stress tests though much less so for the routine tests. The minute to minute variation in DSSP noted 
during both the A  and B series tests cannot be consistently explained by the changes in skin resistance, which is 
taken to reflect varaition in psychological stress levels. Further careful investigation of the relationship between 
the factors is needed to elaborate this relationship under more strictly controlled conditions and using more 
sophisticated equipment. For the purposes of the current work, a variable percentage of the DSSP variability 
can be explained by changes in SRL, but only for some subjects and with inconsistent effects.
The final element of the experimental work for this project involved a small scale clinical trial within the 
orthopaedic unit of a local hospital. Following discussion with the surgeons in the unit, it was anticipated that 
in the relatively limited time available before the conclusion of the project, a reasonable number of patients 
could be recruited either post trauma or post surgery as a means to investigate (on a pilot basis) the changes in 
DSSP following major insult to the musculoskeletal tissues. The trial is reported in Chapter 10.
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10. C Series Clinical Trial
A  limited clinical trial was carried out as the final element of the research programme. The trial was conducted 
in the Orthopaedic and Traumatology Unit at Ashford Hospital, Ashford, Middlesex. Discussions were held 
with two Consultant Orthopaedic Surgeons and the Consultant in Accident and Emergency and the trial took 
place during July and August 1993. The aims and purposes of the research were explained to each and 
permission was granted for the research programme to conducted within the unit subject to Ethics Committee 
permission and informed patient consent. Access was granted to pre operative, post operative and trauma 
patients subject to the experimentation not interfering with the patients medical/surgical care. It was agreed 
that where appropriate the surgeon would be consulted with regards electrode placement and disturbance of 
dressings. Regular consultation took place throughout the trial with both the medical and nursing staff to 
facilitate patient care and rehabilitation.
10.1 Aims of the Trial
The C Series experiments aimed to repeat the DSSP measurements with injured subjects made during the B 
Series in order to compare the results from relatively minor trauma with the potentials that followed 
musculoskeletal insult of greater intensity (whether after trauma or surgery). Additionally, the results could be 
compared with the non-injured subject results from both the A  and B Series.
10.2 Trial Protocol
Applications were made to both the local Health Authority and University Ethics Committees and onset to 
proceed was granted from both organisations. Copies of the approval letters are included in Appendix G. It was 
anticipated that during the 6 weeks available for the study, up to 20 patients could be recruited. Patients were 
approached before surgery if applicable or in the case of post trauma patients, as soon as was reasonable after 
admission. Patients who were approached for inclusion in the trial were assured that refusal to take part would 
not prejudice their treatment in any way. The consultant responsible for each patient was kept informed with 
regards participation as were the junior medical staff and ward nursing staff.
Two major problems with recruitment were experienced. The first, and most significant problem was with the 
orthopaedic unit upgrading which commenced 1 week into the trial. The upgrading work which was part of the 
hospital rebuilding scheme involved shutting one of the two wards plus one theatre for 6 weeks. That this 
overlapped for the most part with the trial period was unfortunate. No mention had been made of this during 
the preliminary meetings with the medical staff. As a result of the loss of 50% of the bed space in the unit, 
major cold surgery was suspended and trauma patients were given bed priority. One group of patients who were
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to be targeted were the total knee replacement group, 2-3 a week of whom normally pass through the unit. The 
disadvantage for the purposes of the trial are clear. Without sufficient numbers of cold surgery patients passing 
through the unit, it was difficult to recruit sufficient numbers of patients to maximise the potential for the final 
element of the research. Trauma patients, although suitable in terms of the musculoskeletal damage sustained 
were more difficult to recruit as it was inappropriate to approach them too soon after admission. Approaching 
patients pre-operatively and explaining the research programme before the event was considered the preferable 
option.
The second problem with recruitment concerned the patients themselves. Whilst those who did participate were 
more than happy to do so, at least 6 suitable patients refused to participate. Some patients suggested that they 
might join in at a later stage hut most did not in fact do so (with the exception of Subject C3). It was suggested 
by a number of staff that the likely reason for the refusals was related to the hospital not being a recognised 
teaching unit and therefore patients did not expect to participate in research programmes. As a result of these 
problems a total of 5 patients were recruited to the trial during the 6 week period. Given the veiy limited time 
available and time of year, it was not practical to apply to another hospital for ethics permission, so the trial 
remains a clinical pilot study given the very limited sample size.
The trial protocol was as for the B Series protocol except that some of the physiological testing and monitoring 
procedures were not adopted in the light of the results obtained from previous work and limitations imposed by 
the patients medical condition. Skinfold thickness testing and skin resistance measurement at the electrode site 
were not included. Measurement of M VC (muscle strength), oedema, range of movement and skin temperature 
were frequently not possible due to bony injury or wound dressings. Measurements which did not compromise 
patient care were used whenever possible.
10.3 Subject Profiles
The 5 patients recruited presented with a variety of medical problems ranging from lower limb fractures to 
monoarticular septic arthritis. The essential details are presented in Table 10.1. Detailed medical information is 
included in the section on each individual patient.
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Subject Sex Age
R/L
Handed
Height
(m)
Weight
(kg) Basic medical condition
Cl M 43 R 1.82 99.3 Rupture (L) Achilles tendon
C2 F 26 R 1.70 54.0 Removal of bilateral heel spurs
C3 M 26 R 1.82 76.2 Fracture (R) tibia and fibula
C4 F 57 R 1.63 70.0 Septic arthritis (L) 1st MTP joint (Big 
toe)
C5 M 49 L 1.83 79.4 Compound fracture (R) fibula
Table 10.1: Profiles of patients in C Series tests
Having recruited the patients, measurement sessions were relatively easy to fit into the daily routine. One 
patient (C4) managed 8 test sessions and patient C5 completed 7 sessions. The dates of the sessions completed 
are shown in Table 10.2.
Test Session
Subject 1 2 3 4 5 6 7 8
Cl 27/7 +1 +9
C2 28/7 +2
C3 29/7 +4 +6 +8
C4 30/7 +3 +5 +7 +17 +19 +21 +26
C5 17/8 +2 +6 +8 +10 +14 +16
Table 10.2 : Test session dates for C Series patients showing start date and interval (in days) to subsequent
sessions.
10.4 Results
The medical profile, experimental modifications necessary due to the injury and summary results are presented 
for each patient in the series. Subjects in the series presented with a variety of injuries and to consider them as a 
single entity was considered inappropriate, therefore each subjects results are reported individually.
Separated left/right limb charts are presented for each subject showing the potential profile. Where appropriate, 
the mean potentials are also presented against a time (session) base in order to illustrate the stability/variation 
of the mean potentials over the test sessions. The full results are included in Appendix M.
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10.4.1 Subject Cl
Medical History
Ruptured (L) tendo achilles 24/7/93 following fall from step 
Operative repair with steel suture same day 
Placed in POP backslab with ankle in 1/2 plantarflexion 
On bed rest until 28/7/93 —> up NWB on crutches 
Discharged 28/7. Returned 5/8/93 for removal of sutures 
Attended for Session 3 1 horn after removal of sutures
PMH : Rheumatic fever, Mitral valve replacement 1979 and 1982. Splenectomy 1982 
Experimental Modification: ■
Due to the plaster, the ankle electrodes could not he placed at the routine sites. An alternative placement was 
used such that the ankle electrodes were placed on the dorsal and plantar aspects of the foot immediately behind 
the metatarsal heads. The electrode on the dorsum was attached to the non inverting (+) input and the ‘ankle’ 
potential therefore records the potential of the dorsum of the foot in relation to the plantar aspect of the foot.
The knee electrodes were placed as usual.
Sessions : 3 sessions at 3 ,4 and 12 days post injury
Results:
With the exception of the right (uninjured) limb potentials at Session 3 (immediately following removal of the 
sutures), the potential profile presented by Subject Cl is not remarkably different from the majority of the A 
and B series non injured subject profiles. With the alternative placement for the ‘ankle’ electrodes the results 
can not be directly compared (numerically) with those from the A and B series, hut on face value, there is a 
strong similarity.
Application of the injury model (Section 3.5) to this type of injury predicts a more positive medial and lateral 
potential on the left limb, slowly returning to the baseline during the subsequent weeks. The trauma to the 
tissues immediately proximal to the ankle is expected to generate changes in potential similar to those seen in 
subjects with ankle injuries (Chapter 9), but with a more equal effect on the medial and lateral potentials as the 
trauma is in the midline of the limb. It is difficult to predict the ankle potential changes due to the central 
(midline) nature of the trauma/wound - it could reasonably become more positive or more negative or remain 
relatively constant.
Page 10.4
Chapter 10
It can be seen from Chart 10.1 that there is very little difference between the left and right limb mean potentials 
and the predicted increased positive potential on the left are not apparent. At Session 2 (4 days post injury) 
there is a greater difference for the knee and lateral potentials in particular. The left (injured) lateral potential is 
considerably more negative than the right lateral, and more so than the left lateral potential from Session 1.
The difference between the lateral potentials is maintained at Session 3 though there is a positive shift for the 
left mean value (contrary to the predicted model).
The Session 3 potentials from the right (uninjured) limb are not in keeping with the potentials from either limb 
at any other session. There was possibly an instrument or lead fault which could be responsible although no 
problems had been identified. The removal of the sutures from the opposite limb immediately prior to this 
session may be responsible for the differences seen, but the injured limb potentials remain in their ‘normal’ 
bands and it is difficult to rationalise how the suture removal could have such a marked effect on the uninjured 
limb and almost no effect on the traumatised tissues. These unusual potentials are more likely to have arisen 
from either an instrument problem or constitute a variation similar to the apparently random variations in 
potential seen during the B Series tests.
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Electrode Combination
Left Limb Potentials
Electrode Combination
Right Limb Potentials
Chart 10.1: Subject Cl summary results
10.4.2 Subject C2
Medical History:
10 year history of bilateral heel spurs (bony) with repeated infection 
Right worse than Left 
Surgery 27/7
PMH : Nil of note
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Experimental Modification:
The modified electrode placement nsed for Subject Cl was also applied to this subject as the post operative 
wound dressing was similar.
Sessions : 2 sessions at 1 day and 2 days post op
Results :
Although the overall appearance of the mean potential profile (Chart 10.2) for this subject is in keeping with 
the non injured subjects from the A and B series, the magnitude of the medial and ankle potentials exaggerated 
the profile. The medial potentials are larger (more negative) and the ankle potentials larger (more positive) 
than was routinely observed with the A and B Series results. As with Subject C l, it is not possible to make 
direct numerical comparison due to the modified ankle electrode positions. There is not a great difference 
between the left and right limb potentials although with bilateral surgical intervention this is in keeping with 
the expected results. It was unfortunate that a pre-operative measurement series could not be taken as this 
would have provided a useful baseline for comparison.
The injury model (Section 3.5) can be applied in the same way as for Subject Cl as the traumatised tissues are 
close to the ankle and central (midline) in nature. A  more positive medial and lateral potential are anticipated 
with unknown effects at the ankle. The medial potentials are more negative than would be expected, but this 
may be due to the altered ankle electrode position rather than attributable to the surgery. With the bilateral 
surgery, it is not possible to establish whether this large negative potential is normal for this subject or not. The 
ankle potentials are more positive than expected (see above) and increase (more positive) at Session 2. The 
knee and lateral potentials are similar to those seen in non injured subjects. The changes between Sessions 1 
and 2 were for all potentials on both limbs to become more positive though not by a large amount.
Although the experimental modifications and bilateral nature of the surgery make analysis difficult, the 
potential profile does not generally support the predictions of the injury model although the differences 
observed were consistent on the left and right limbs. The subject was not willing to attend on an out patient 
basis for repeated measurement due to the difficulty in taking time out from work.
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Electrode Combination
Left Limb Potentials
Electrode Combination
Right Limb Potentials
Chart 10.2 : Subject C2 summary results
10.4.3 Subject C3
Medical History
Fracture midshaft Right Tibia and Fibula 25/7 
Admitted and put on skeletal traction via calcaneal pin (71b)
Blister Right antro-medial tibial shaft
PMH : Nil of note
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Experimental Modification:
Ankle electrodes placed medially and laterally on the foot (due to the calcaneal pin) at the level of the navicular 
tuberosity. Knee electrodes placed as usual. The reference electrode was attached to the left thigh and connected 
to Channel 1 due to a minor right thigh skin lesion.
Sessions : 4 sessions at 4, 8,10 and 12 days post fracture after which the limb was encased in plaster
and further testing was not possible.
Results:
Chart 10.3 shows a fairly typical potential profile with the most obvious difference in the medial combination.
It can be seen that the left (uninjured) medial potential tended to give a more negative potential and the injured 
right limb, the more positive potential. The ankle potentials are closely matched for both limbs and the 
differences for the lateral combination shows a more positive potential on the right (injured limb) initially 
which becomes more negative during the test series.
With the injury at the midshaft of the tibia and fibula, application of the injury model is difficult as any of the 
four potentials could be affected. With the injured tissue lying almost equally between the electrodes, the 
direction of change is almost impossible to predict.. It is expected that the medial and lateral potentials would 
be affected to a greater extent than the knee and ankle potentials as the potential is measured longitudinally, 
through the fracture site.
In view of this difficulty, the left/right differences recorded at the first session were considered apart from the 
model to see if any logical pattern is presented. The differences at Session 1 (4 days post injury) were not 
marked, and only the lateral combination gave a significant difference (of 7mV), with the injured (right) limb 
giving the more positive potential. The difference for the lateral combination decreased over the series until at 
the last session they were almost identical, with the right potential moving to meet the left - a negative trend. 
The ankle potentials remained similar throughout the test series at a level not particularly different from the 
non injured subjects (0-5mV). The right medial potential was the most variable, remaining more positive than 
the left throughout (by 20mV on Sessions 2 and 4). The knee potentials were similar initially and became 
progressively different, with the right (injured) becoming more positive and the left more negative.
The initial differences and subsequent drift of the potentials could be attributed to the injury, but with the 
potentials recorded during a relatively small window in relation to the fracture healing time frame for this 
injury (normally 12-16 weeks plus) it is inappropriate to draw definite conclusions. The only reliable method of 
identifying the trends in relation to the injury would he to contrast them with other patients with similar 
injuries, non of whom were available during this limited trial.
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The results do not present the anticipated large differences in potential between injured and non injured limbs, 
nor are they markedly different from the non injured profiles from the A and B Series. That the differences and 
changes over the test period can be linked with the anticipated variation is promising, but the variations could 
be considered to fall within the variations observed with non injured subjects (Subjects B12 and B13 for 
example) and can not confidently be attributed solely to the injury.
The common variation between electrode combination pairs is seen in Chart 10.4, with the knee and medial 
combinations paired as are the ankle and lateral combinations, particularly on the right side. This result is 
consistent with those from the A Series (non injured subjects) and many of the B Series results.
Electrode Combination
Left Limb Potentials
Electrode Combination
Right Limb Potentials
Chart 10.3 : Subject C3 summary results
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-KNEE 
- MEDIAL 
-ANKLE 
-LATERAL
Test Session
Left Lim b Potentials
Test Session
—♦-K N E E  
- ■ — MEDIAL 
- ♦ — ANKLE 
- A - LATERAL
Right Limb Potentials
Chart 10.4 : Serial left and right limb potentials for Subject C4
10.4.4 Subject C4
Medical History
2 week history of septic arthritis Left 1st metatarsophalangeal joint (big toe) and left wrist. Joint aspirate and 
haematology results implicated streptococcus pneumoniae as the organism responsible.
Serial ESR readings became progressively lower (from 106mm/hr at 14/7 to 38mm/hr at 24/8). The wrist and 
toe problems gradually resolved with medication and rest.
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PMH : Diabetic. Hysterectomy 20 years ago
Experimental Modification : Routine electrode placement
Sessions : 8 sessions at frequent intervals (see Table 10.2). First session 2 weeks after admission.
Results:
The potential profile for the right (uninjured) limb is closer to the ‘normal’ pattern seen previously. The left 
limb profile is less well defined although the normal pattern can be identified.
Predictions from the injury model are difficult as the effect of a forefoot injury on the DSSP as far removed 
(physically) as the ankle electrode sites is unknown. If changes are sufficient to exert an effect at the ankle 
electrodes, it is expected that the medial and lateral potentials would he more positive initially. This is 
rationalised on the same basis as for Subject Cl in that the activity at the ankle electrodes would give rise to a 
more positive potential in relation to the knee electrodes which are not expected to be different from normal. If 
the initial positive shift is seen, then the expected course of the change in potential over the ensuing weeks 
would be for a negative drift towards a more normal medial and lateral potential level. The effect of the forefoot 
inflammation on the ankle potential could be significant, though again with the distance between the ankle 
electrodes and the inflamed tissue being relatively large, the difference could be minimal.
On examining the Chart 10.5 the hypothesised differences in mean potential are not seen. There is no strong 
initial increased positive potentials on the left, and the change with recovery (Chart 10.6) is for a positive, not a 
negative shift.
The inclusion of this lady in the trial was not ideal due to the location of the injury. Forefoot injuries had not 
initially been considered, but given the very limited sample size recruited at that time, the opportunity was 
taken when offered. Whether the disparity between the injury model predictions and the experimental results 
can be taken as an indication that the model is inappropriate is not clear, but the fact that the changes seen 
were actually the reverse of the predicted changes does not contribute to the support for the model. In itself this 
is not critical if the differences between injured and uninjured tissue (limbs) are consistent and show 
progressive change with recovery, but this is not clearly seen from the results.
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Electrode Combination
Left Limb Potentials
Electrode Combination
Right Limb Potentials
Chart 10.5 : Subject C4 Summary Results
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Left Limb Potentials
Test Session
- ♦ -K N E E  
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—A— LATERAL
Right Limb Potentials
Chart 10.6 : Serial left and right limb results for Subject C4
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10.4.5 Subject C5
Medical History
Subject C5 was recruited 9 days after a compound fracture of the distal fibula with an avulsion of the tibial 
malleolus and an open skin wound on the medial aspect of the ankle which was sufficiently deep for the bone to 
be seen at its base. The fracture had been reduced and the wound packed with iodine dressings.
3 weeks post injury, (between test sessions 5 and 6) the patient was taken to theatre for wound debridement and 
at that time the medial ankle ligaments were found to be trapped in the joint space. An open reduction with 
internal fixation was therefore performed. Post operatively, the patient was on bed rest for a few days and was 
put in a full plaster following the final measurement session (7).
PMH : Complex psychiatric history but nil else of note
Experimental Modification:
The ankle electrodes could not be positioned in the normal way due to the backslab plaster. The electrode 
positions adopted for Subjects Cl and C2 were therefore adopted. The knee and reference electrodes were sited 
as usual.
Sessions : 7 sessions over a 3 week period. The first session was 1 week after the initial injury.
Results:
With file exception of the right limb potentials at Session 6, the potential profiles (Charts 10.7 and 10.8) for 
both limbs are remarkably normal. Session 6 followed the operative reduction of the fracture and wound 
debridement (right limb) and the unusual potentials on that occasion coincide with the expected post trauma 
differences which the general hypothesis (Section 1.4) predict. The right limb potentials at Session 6 (Chart 
10.8) are all closer to OmV than on other occasions, and appear to return to their normal values by the 
following session 2 days later.
The differences between the left and right limb potentials other than at this one session are small, with the 
separated left and right limb charts (Chart 10.8) appearing very similar.
The injury model predicts a more positive medial and lateral potential initially with a progressive negative shift 
with recovery (as with the ankle injury subjects in the B Series tests). Neither of these features are seen in the 
results. This may be due to the delay between the initial injury and the commencement of the test series, thereby
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missing the initial positive shift in potential for the injured limb. It may also be affected by the delayed healing 
of both the fracture and the skin wound, which up until Session 6 had not shown any overt clinical signs of 
recovery. Following the surgical intervention the medial potential shifted to a more negative position and the 
ankle more positive. These changes are in keeping with those predicted by the model.
Electrode Combination
—* — L3 
—A -L 4  
O —-  L 5  
—□—L6 
—O— L7
Left Right Limb Potentials
Electrode Combination
Right Right Limb Potentials
Chart 10.7 : Subject C5 Summary Results
Page 10.16
Chapter 10
Subject C5 - Left Data
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Left Right Limb Potentials
Subject C5 - Right Data
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Chart 10.8 ; Serial left and right limb results for Subject C5
10.5 Conclusions
It was anticipated that the inclusion of a pilot injured subject trial using post operative and trauma patients in 
the clinical setting would enable a comparison to be made between minor and more major injury related 
DSSP’s in addition to considering the differences between injured and non-injured subject profiles.. The 
circumstances surrounding the C Series tests minimised its usefulness, although it did serve to highlight the 
inconsistency of the general hypothesis and with the injury model presented in the early part of this work.
None of the injured subjects involved in this element of the work presented with straightforward injuries and 
several experimental modifications were required to cope with the difficulties. This is a reflection of normal
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clinical research practice and as the experimental work had initially been designed for laboratory application, 
the changes were reasonable.
The two issues which require consideration are related firstly to the experimental hypotheses and secondly to 
the applicability of the injury model. The hypotheses on which the project was based considered that in general 
terms, there would be a difference in the mean potentials recorded from the injured and non-injured limbs of a 
subject in the early post injury phase of recovery. This difference should also be apparent on comparing the 
injured limb potentials with the typical or average non-injured limb profile. The injury model was presented as 
a possible pattern of behaviour of the DSSP under given conditions and was a hypothetical consideration of the 
changes that may occur.
Given the results presented for the C Series subjects, the differences between injured and non injured limb 
potentials, even after sustaining significant injury are far from marked. The variation in ‘normal’ non injured 
profiles means that there is considerable overlap between the groups and clear . differentiation between 
injured, recovering and non injured limb profiles would not appear to be practical. This is considered further in 
Chapter 11
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11. Discussion and Conclusions
The results have been discussed throughout the dissertation as it was felt to be more appropriate to consider the 
implications of these results at each stage before proceeding to the next element of the work. In this chapter the 
results are summarised briefly, but are discussed particularly in the context of the hypotheses set out in the 
introduction. Identification of experimental problems that were encountered and suggestions for further work 
are included in the latter part of the chapter.
The published evidence supporting the existence of an electrodermal potential is considerable, possibly 
irrefutable, as is the evidence for wound edge currents as a consequence of a low resistance pathway linking 
skin layers of differentPC potentials . Evidence identified in the literature supports the claim that localised open 
or closed tissue trauma results in an immediate local change of potential relative to its non-injured surroundings 
(considered in Chapter 2). As a consequence of this potential difference, a microamp current will flow, and it is 
believed by some that this injury current flow is responsible for the detection of injury (particularly linked with 
the DC Control theory proposed by Becker) and the control of the repair process. Whether the latter views are 
valid or not does not detract from the fact that the currents do flow and have been demonstrated numerous 
times by independent research groups.
Beyond these elements of bioelectric phenomena, there is less evidence for the existence of a gross 
potential/current generating capacity in non-epidermal soft tissues such as tendon and ligament. A generator 
mechanism equivalent to that found in the skin has not been identified, although an alternative mechanism may 
exist such as a mechanical collagen based system. Further, the passage of a current between injured and non 
injured tissues may exist solely as a consequence of fluctuating concentrations of charged inflammatory 
substances which vary during the different stages of healing. Thus, the bioelectric claim that non-epidermal 
wound related potentials are an essential factor in repair remains controversial and does not enjoy unequivocal 
support. Many physiologists remain particularly sceptical about the possible role for bioelectric activity in what 
is regarded as a biochemically controlled sequence of events in which electrical activity can be measured, but 
only as a secondary phenomenon.
The research programme undertaken was, and remains independent of such debate. The aim was to discover 
whether the repair processes associated with subcutaneous injury affect overlying skin potentials in a 
recognisable and predictable way, regardless of any controversy over their biological mechanisms or 
significance.
The reason for wanting to establish whether the link was valid or not relates to the need for objective, non 
invasive monitoring tools which can be used in therapeutic research which would enable evaluation of the 
efficacy and efficiency of treatment intervention. The currently used tools rely to some extent at least on
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subjective rather than objective ‘measurements’. In order to improve the quality of research in physiotherapy 
(in particular, though not in isolation), objective measurement tools would be useful.
The hypotheses under test, stated in general terms are these :
i) that local ionic currents, created by changes in potential associated with clinically recognisable trauma, can 
measurably affect overlying or adjacent skin potentials relative to non injured areas, over and above the normal 
fluctuations.
ii) that random fluctuations in the differential skin surface potential (DSSP) between comparable areas of 
normal (non injured) skin lie within a recognisable range.
iii) that the factors creating or limiting the normal range changes can be identified and their relative effects 
quantified.
iv) that by investigating the relationships between different DSSP’s in non injured subjects, (ii) and (iii) above 
can be identified enabling a reasoned comparison with the potentials recorded from injured subjects.
The approach adopted for the work was to utilise a novel form of skin potential recording which is not reliant 
on skin puncture or abrasion as most electrodermal research groups have used. The use of DSSP’s introduces 
problems not encountered with the traditional transcutaneous approach. For example, the lack of absolute skin 
potential values as only a relative difference between two sites is recorded., and the unknown behaviour of the 
differential potential under ‘normal’ conditions. However, it was reasoned that epidermal puncture or 
equivalent would introduce an unknown element into the recorded potential which could not be controlled 
therefore confounding the analysis of the typical potential profile in non-injured and injured subjects.
The research programme undertaken has considered the character and behaviour of the differential skin surface 
potential in both non injured and injured subjects. A significant proportion of the experimental work was 
concerned with identifying the factors which may be responsible for the variation recorded in the DSSP at 
consecutive test sessions and the differences identified between left and right limb potentials in non-injured 
subjects. As a result of these considerations, a basic environmental test chamber was constructed and a 
physiological monitoring protocol instigated. It had been anticipated that for non injured subjects, there would 
be a constancy between the potentials recorded from opposite limbs and also between potentials recorded at a 
series of test sessions. This premise was fundamental to the work planned with injured subjects. The expected 
differences in DSSP from injured subjects was to be compared with both the non-injured subject profiles and the 
potentials from the non-injured limb of the injured subject. These comparisons were reliant to a greater extent 
on their being a demonstrable ‘normal’ relationship between the DSSP’s from the 4 electrode combinations.
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DSSP variation was anticipated in that the potential was considered to be of physiological origin, and 
physiological phenomena vary between subjects and also with time, typically but not always following a Normal 
distribution. The expectation was that the variation would be relatively small or stable allowing confident 
prediction of a normal range with associated confidence limits.
The variations seen for non-injured subjects in the A Series tests were relatively small with the exception of one 
subject (A6) whose profile was inconsistent with other non-injured subjects, and could not be related to the 
monitored variation in environmental or physiological factors. Notwithstanding this, the difference in DSSP 
profiles between the one subject who was injured during the series (Al) and the non-injured subjects was 
sufficient to justify progression to a combined injured and non-injured subject trial (the B Series). The 
environmental test chamber did not appear to significantly affect the magnitude of the mean potentials recorded 
from A Series subjects, though this was necessarily a limited retest exercise, possibly compromising the 
strength of the conclusions made at the time.
The B Series tests, conducted at a different location and without the test chamber provided similar but 
noticeably different results for non-injured subjects. The potential profile, which had been clearly identified in 
the first test series, was less obvious in these tests. The difference between the transverse (knee and ankle) 
potentials and the longitudinal (medial and lateral) potentials was diminished for the majority of subjects. In 
addition to the ‘flatter’ profile, there were more examples of occasional potentials which lay outside the normal 
range for the individual. Operation of the instrument was improved following the modification of the test lead 
design and the spurious results could not be related to the monitored factors. The groups were comparable in 
terms of their age and basic anthropometric data, with only their height being significantly different. The test 
protocol, test equipment and software routines were identical (with the exception of the chamber). The reasons 
for the difference in profile between the non-injured B Series subjects and those from the A Series were 
considered in Chapter 9, but essentially centre around either the individual difference between subjects, the 
influence of the test chamber or a difference which was in some way associated with the geographical 
difference between the test sites. The environmental and physiological factors that had been monitored could 
not be related to the differences in DSSP profiles on a session to session basis, though it remains possible that a 
factor which was not monitored was critical in this respect for example the weather conditions prevalent at the 
time of the test or the background sporting level of the subject.
The influence of psychological stress on the DSSP had been demonstrated during the A Series tests, with the 
longitudinal potentials being affected bilaterally and approximately equally. A difference in background stress 
levels may have accounted for the general difference in DSSP magnitude between the groups. Some B Series 
subjects were recruited for additional test procedures which included background stress monitoring in addition 
to deliberate stress manipulation. The B Series arousal tests (using the mock IQ test) gave similar results to 
those observed in the A Series. The stress level monitoring (Biogram) tests provided mixed results. Some 
subjects showed a strong correlation between skin resistance and DSSP variation over the duration of the test.
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Significant positive and negative correlations were identified, sometimes in the same subject at the same test 
session. Some subjects showed no apparent relationship between the DSSP and skin resistance at all. Given the 
visual and statistical strength of a proportion of these correlations, it is difficult to deny that a relationship 
exists on the basis of very variable results from 7 subjects. What is probably more important is that the 
relationship is not simple, it varies between subjects and also appears to vary between different electrode 
combinations in the same subject, with some subjects demonstrating a phase lag between DSSP and skin 
resistance variation.
The A Series tests conducted within the test chamber provided the most consistent results of the whole test 
programme. Detailed instrument and system tests conducted in and outside the chamber showed that any 
differences in the behaviour of the instrument were very small in comparison to the magnitude of the recorded 
DSSP’s and the resolution of the measurement system. It is possible that subjects are affected by environmental 
EM radiation to a greater extent than the instrument which was designed to resist such influences. This may 
account for the differences in non injured subject DSSP profiles between the A and B Series tests which were 
clearly demonstrated. The effectiveness with which the chamber screened for EM radiation was not measured, 
nor were the background EM levels at either the University or West London Institute sites. Give adequate 
facilities this would have been a logical part of the test procedures. Variation in the EM levels on a minute to 
minute and day to day basis may account for the DSSP variation seen. The chamber may not have screened for 
a particular component of the EM fields to which subjects at one site were exposed and was particularly 
influential. Support from the literature is not forthcoming, particularly with respect to electrodermal activity. 
The widely publicised press reports of electropollution effects should not be dismissed, but categorical evidence 
for the types and magnitude of the effects on a normal physiological system has not been identified. Given the 
current trends in electrotherapy, small energy levels applied to the body tissues appear to be capable of exerting 
strong physiological and metabolic influences. Whether the same is true of generalised, background EM 
radiation remains unknown and therefore must remain a possible explanation for the differences noted between 
the two non-injured groups.
A geographical difference between the sites which is unrelated to EM field strengths was proposed as a possible 
reason for the differences, as was the concept of the two sample populations having different characteristics 
although on the anthropometric data collected, there was no significant difference. The difference in seasons 
between the test series (November-December for the A Tests and March - June for the B Tests) may have made 
a contribution given the diurnal and seasonal influences which have been demonstrated with SPL 
experimentation.
The further work which needs to be undertaken as a consequence of the results obtained from the non-injured 
subject trials is outlined following the consideration of the injured subject results.
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The injured subjects (from both the B and C Series tests) demonstrated DSSP profiles which were as variable as 
those from the non-injured subjects, if not more so. The general hypothesis suggested that there would be a 
difference between the DSSP profiles for the injured subjects when compared with either the non-injured group 
or the non injured limb from the same subject. The DSSP variation seen in the B Series non-injured subjects 
meant that the potential profiles from injured subjects would behave to be very significantly different in order to 
be clearly identifiable with the injury status of the subject. Some subjects showed remarkably large DSSP’s soon 
after injury, well beyond the range seen in the non-injured groups. Differences could be identified for a 
significant proportion of injured subjects, but one had to look carefully at the profiles in order to make such a 
judgement. Some injured subjects presented with an apparently ‘normal’ DSSP profile, contrary to the expected 
results. Statistically, given the relatively small samples and the variety of injures encountered, it was difficult to 
identify appropriate, robust and reliable test procedures which could be applied.
The injury model was developed as a way of considering the type of changes which might he expected after 
injury and during the recovery stages. It was not developed as a definitive model which the experimental work 
sought to support specifically. The thrust of the injured subject trials was to consider whether there were any 
differences between the groups, whether these differences were consistent, and whether they could be 
progressively tracked from the acutely injured through to the recovery stages. The clinical assessment 
procedures adopted for this part of the work were related to current clinical techniques, and although possibly 
not the most rigorously tested, provided a good clinical indication as to whether recovery/healing was taking 
place.
It had been proposed to undertake a more rigorous, detailed analysis of a specific injury type (for example, only 
acute lateral ligament injuries at the ankle or acute Achilles tendinitis) and utilise far more by way of clinical 
measurement tools during the B and C series tests. The combination of restrictive circumstances during both of 
these trials meant that fewer injured subjects were recruited than had been anticipated and these subjects 
presented with a wider variety of injuries encountered than was ideal. Given the limited nature of the trial it 
was considered important to establish the validity of the hypothesis that the injury results in a measurable 
change in DSSP behaviour.
The results from the injured subjects who showed a marked DSSP response to the injury were very convincing. 
The magnitude of the DSSP’s from appropriate electrode combinations was such that there was nothing 
comparable from the non-injured subject results. However, having demonstrated a link between DSSP and 
psychological stress, it remains possible that the differences recorded were in fact attributable to heightened 
stress levels and not due to the injury at all. This hypothesis can not be disproved as simultaneous stress level 
monitoring immediately following injury was not undertaken. The evidence however would support the 
hypothesis that the DSSP variation is associated with a physiological response with possible psychological 
overtones. In a parallel study, a more detailed investigation of the relationships between DSSP variation, 
different types of psychological stress and physiological manipulation was undertaken by a student as an
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undergraduate project. The results were mixed, but showed sufficient strength of relationship to be worth 
pursuing in future work.
The scope for further work using the current instrumentation is limited given the variability and inconsistency 
of the results. A return to the test chamber, with a more extensive test series with subjects both in and outside 
the chamber to supplement the retest data from the A Series would constitute a useful initial investigation to 
confirm or reject the conclusion that the test chamber made no significant difference to the mean potentials. 
This should ideally be combined with an environmental EM radiation monitoring programme which would 
help to identify the magnitude and types of EM fields to which the subjects were exposed and the extent to 
which the chamber actually provided effective shielding.
Tests involving a more specific injury group (for example subjects with acute injuries involving the lateral 
compartment of the ankle) would provide more detailed information regarding the injury effects and their 
relative consistency. Although several subjects had been recruited with ankle injuries, an insufficient sample 
size limited the scope for detailed statistical analysis. Additionally, a more detailed clinical assessment protocol 
with the injured subjects may enable a multiple factor correlation analysis using the DSSP and assessment 
results. Ideally this analysis should be carried out on a main frame computer using a more sophisticated 
package such as SPSS-X. This package was available during this project but there were insufficient results to 
enable the use of a sufficiently robust test. The clinical assessment modifications should include immersion 
techniques for the assessment of ankle/foot oedema and tests which were less subjective for inversion end 
eversion movement ranges. Although the additional clinical data may not correlate directly with the DSSP 
results, it would provide a more accurate determination of clinical recovery states. A matched subject (non 
injured) group could be added to this trial to provide additional comparative data.
Moving away from the clinical and physiological emphasis of the experimentation, further investigation of the 
DSSP and skin resistance could be undertaken using more specialised equipment which could provide an 
accurate measure of the absolute rather than just the relative skin resistance level. In addition to this, and 
probably best linked with it, would be a consideration of the effects of feedback on the potential and resistance 
levels. Biofeedback using fingertip resistance is an established rehabilitation technique and simultaneous 
monitoring of both resistance and surface potentials with feedback of one or both elements would constitute a 
worthwhile investigative area.
The effect of the electrolyte constituents on the skin potential generation mechanism was acknowledged when 
the test protocol was developed, though it was argued that using an electrolyte of standard constitution (i.e. the 
commercial electrolyte supplied as an integral part of the electrode) provided a standard for all the 
experimental work. If the electrolyte exerts a significant influence on the generation of the DSSP, altering the 
concentration of the salts in the gel may serve to make the DSSP less labile and therefore enhance comparison 
of potentials from opposite limbs and from different sessions. It may of course make no significant difference to
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the magnitude of the DSSP which is reflection of the difference in electrical activity between the sites, not a 
measure of the absolute potential at each site.
Further work involving the development of a modified test protocol and new instrumentation may have merit. 
The skin potential level is known to be a relatively labile phenomenon and is often avoided in clinical 
psychology for that reason. Where it is used, the change in potential (SPR) is the factor of interest rather than 
the level itself. Skin resistance, impedance and conductance have all been measured by research groups in the 
past, though not directly in connection with soft tissue lesion recovery. These techniques were avoided in order 
to obviate the need for electrical energy input to the tissues being tested. This was probably a rather purist 
approach, though one which was considered to be justifiable at the time. Development of skin resistance or 
impedance monitoring equipment which would operate in a similar way to the DSSP apparatus may provide a 
more stable background level against which changes associated with injury could be identified. Both the 
resistance and impedance are related to the magnitude of the skin potential and the variation from the modified 
recording protocol may prove to be just as inconsistent as the DSSP results.
The failure of the research results to fully support the hypotheses, both general and specific was clearly 
disappointing. The identification of a relatively consistent normal non injured DSSP profile from the A Series 
tests was compromised when the B Series results with non-injured subjects provided data which was more liable 
to ‘random’ fluctuations.
The results from some injured subjects in the B and C Series tests were remarkable in their difference from the 
normal profile. However, these differences were not consistent, and some subjects with acute injuries present 
with apparently normal profiles and some non-injured subjects present profiles which are very variable and 
show changes which make them appear to be more like the results anticipated with injured subjects. The 
investigation of environmental, physiological and psychological factors which may be associated or responsible 
for the variation in the DSSP both from minute to minute and from day to day failed to identify any consistent 
relationship. The use of multiple linear regression and non-linear analysis techniques also failed to identify 
consistent relationships. The DSSP measurement system performed well in terms of its instrumentation and the 
software routines were adequate for the job required of them.
The project was initially approached from a clinical standpoint which became the less dominant influence 
during the course of the experimentation. The need for a more detailed consideration of the DSSP under normal 
(non-injured) conditions and under conditions of psychological stress resulted in reasonably extensive 
monitoring processes being invoked. The research does not fit conveniently within the bounds of a single 
discipline, though this is not necessarily detrimental. In addition to bioengineering elements, the influences of 
physiological, psychological and clinical sciences all contributed to the final ‘flavour’ of the research. It is 
hoped that the results will might make a contribution to physiological, psychological and clinical specialities in 
addition to a contribution to the emerging ‘speciality’ of bioelectrics.
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A. Glossary
AAMI Association for tire Advancement of Medical Instrumentation
ACIA Asynchronous Communications Interface Adaptor - a chip which converts the data output
from the ADC into a serial form for transmission to the computer. Controlled by 
communication with the computer.
ADC Analogue to digital conversion
ASCII American Standard Code for Information Interchange - a standard code for transmitting
characters
Bioelectric Electrical phenomena occurring in living tissues or organs
BSPL Basal Skin Potential Level
DSSP Differential Surface Skin Potential
ECF Extra Cellular Fluid - the fluid bathing the body cells
EDA Electrodermal Activity - general term for electrical activity originating from the sweat
glands and their associated epidermal and dermal tissues. Tonic electrodermal phenomena 
relate to baseline levels whilst Phasic phenomena relate to shorter duration responses 
(usually in seconds).
Endogenous Originating within an organism
ESR Erythrocyte Sedimentation Rate - a blood test which is used to indicate the relative intensity
of an inflammatory response. Higher values represent more intense reactions.
Exogenous Originating outside an organism
NWB Non Weight Bearing
PMH Previous Medical History
POP Plaster of Paris
SC Skin Conductance - the ability of the skin to conduct electricity - the reciprocal of skin
resistance
SCL Skin Conductance Level - the tonic conductance level
SCR Skin Conductance Response - a phasic (short duration) change in skin conductance in
response to a stimulus
SP Skin Potential - the potential difference (voltage) measured between the external skin
surface and the subepidermal tissues 
SPL Skin Potential Level - the tonic or background skin potential
SPR Skin Potential Response - a phasic or short duration change in skin potential in response to
a stimulus
SR Skin Resistance - the resistance offered by the skin to an externally applied current
SRL Skin Resistance Level - the tonic (background) skin resistance
SRR Skin Resistance Response - a rapid change in skin resistance in response to a stimulus
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Transcutaneous
UART
Across the skin - in the context of EDA this referrs to the external to internal aspects of the 
skin
Universal Asynchronous Receiver and Transmitter - a chip which has the same role as the 
ACIA hut does not rely on communication with the computer to control the process. It is 
self contained.
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B. Outline Chronology of Development and Experimental Work
Date | Process | Software
May 1990 3M Red Dot electrode tests, output to 
plotter
M y 1990 Electrode tests with multimeter
September 1990 Development of instrument from Wood 
MSc
February 1991 Single channel available on breadboard 
with elementary interface
March - April 1991 Electrode tests to plotter 
Electrode tests to multimeter -> 
Archimedes
Archimedes software data collection 
from meter and from board. Initial 
analysis programmes
May 1991 Grass experiments
Develop 10Hz data collection software
June 1991 Pre amps onto PCB and into boxes
September 1991 Interface onto PCB. All boxed Data analysis software refined. Includes 
graphics and statistics routines
October 1991 TOOS electrode tests
November 1991 Further Grass experiments 
2 channel system available
Develop 2 channel software
December 1991 Subject tests (TW) with 2 channel 
system
January 1992 DW tests 
JM tests
February 1992 West London Institute pilot injured 
subject tests
March - April 1992 Investigate physiological monitoring 
procedures
Commence PC software development 
for 2 channel system
May 1992 Repeat TW subject tests with rapid data 
collection and including ankle 
potentials.
System warm up tests
Still using Archimedes. PC not yet 
available
June - July 1992 Investigate and plan screened test 
chamber
Continue PC software development
July - August 1992 Conduct system tests in chamber Use PC for data collection
September 1992 Electrode tests + system warm up tests 
in chamber
October 1992 Evaluate test results. Develop subject 
testing protocol. Pilot on 2 subjects.
November - December 1992 Non injured subject tests (A Series)
January 1993 Analysis of A Series tests
February 1993 A Series retests and stress tests. 
Interference tests with system
March - June 1993 Move equipment to West London 
Institute. Conduct B Series tests
Develop PC software for portable 
computer for C Series tests
July - August 1993 C Series tests
PageB.l
Appendix C
C. Software Flowcharts and Programme Listings
The programmes written for data collection and analysis were discussed in Chapter 4, and in this Appendix, 
the detailed flowcharts and listings are presented. Only one programme of each type is detailed as all 
programmes were written by the author and follow a common central core. The differences are mainly (a) 
differences in language syntax between BBC Basic and Turbo Basic and (b) modifications and improvements 
which accompanied hardware developments. The data collection (COLLECT2) and data analysis (RETR-7) 
programmes were those used during the B Series tests and incorporate all the features of the earlier versions. 
Both programmes are written in Turbo Basic.
C.l Data Collection Software - Flowchart
The overview flowchart is shown in Chapter 4 (Figure 4.8) and is not replicated here.
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Data Collection - Read and Save Data
Main Data Collection
Yes
Save Data
END
Page C.3
Read Left and Right data < -----
(ASCII codes)
Convert to Integer No
Save to Arrays
END?
r
Save Data Codes (Date, time 
test code, fast/slow, gain)
Data Save LOOP <4—-j
End of Data ?
Yes^
r
Close File
Appendix C
C.2 Data Collect Software Listing - Programme (COLLECT2)
'* FILE: COLLECT2 
'* 30-04-93 
'* T WATSON
REM * NEW DATA COLLECTION WITH INTEGER SAVE FOR EITHER 
REM * FAST OR SLOW DATA
REM turn off serial port data input to preserve buffer
COM(2) OFF:
CLS
ON ERROR GOTO bad
REM input information regarding the test
COLOR 11 PRINT TAB(15)"DATA COLLECTION PROGRAMME” 
PRINT:PRINT:COLOR 14:INPUT"DURATION OF TEST (min): "total
PRINT:INPUT"FAST or SLOW data (F/S)"speed$
IF speed$="F" OR speed$="f1 THEN R%=total*666 ELSE R%=total*67
PRINT: COLOR 11
PRINT "NUMBER OF READINGS REQUIRED " R% 
day$ =DATE$ +" :"+  TIMES PRINT 
PRINT "Test Date ",day$:PRINT 
INPUT "Subject Test Code ",C$:PRINTPRINT
COLOR 3
PRINT "Instrument Gain:"
PRINT TAB(15)"1) 10 (Res'n 1.95mV Range + /- 250mV)"
PRINT TAB(15)"2) 24 (Res'n 0.8lmV Range + /- 104mV)"
PRINT TAB(15)"3) 49 (Res'n 0.4mV Range+/- 51mV)"
PRINT TAB(15)"4) 100 (Res'n 0.2mV Range+/- 25mV)"
DO UNTIL gainer >0 AND gainer <5 
INPUT gainer 
LOOP
REM set up arrays for data based on sample size R%
DEM datainL%(R%)
DIM datainR%(R%)
SCOM2 48 
J% = 0
REM open serial port for data flow
OPEN "COM2:9600„8,2" AS 1 
COM(2) ON
REM empty buffer to ensure next data is real time
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DO UNTIL EOF(l)=-l
LOCATE 10,10:PRINT"LOF: " LOF(l)
LOCATE 12,12:PRINT"EOF:" EOF(l) 
stuff$=INPUT$(2,#l)
LOCATE 14,10:PRINT" ASCII " stuff$
LOOP
COLOR 2
REM channel synchronisation routine
FOR I = 0 TO 4 
G$=INPUT$(1,#1)
NEXT
DO
one$=INPUT$(l,#l)
MTIMER
two$=INPUT$(l,#l)
M&=MTIMER
LOOP WHILE M&<70000
G$=INPUT$(1,#1)
REM main data collection loop
CLS
COLOR 10
LOCATE 12,12:PRINT "No of Readings Required "R%:COLOR3 
t$-TIME$ : REM set timer for test duration check 
FOR X%  = 0 TO R%
LOCATE 14,12:PRINT "COUNTER" J%+1 
L$=INPUT$(1,#1): REM read left channel data as ASCII character 
R$=INPUT$(1,#1): REM read right channel data as ASCII character 
Left = ASC(L$): REM convert to integer representing ASCII charatcer 
Right ~ ASC(R$): REM ditto for right 
LOCATE 16,12:PRINT "Left ";Left 
LOCATE 17,12:PRINT "Right ";Right
datainL%(J%) = Left; REM send to array 
datainR%(J%) = Right 
J% = J% + 1 
NEXT
s$=TIME$
COLOR 14 
PRINT
PRINT " Start :"t$ : REM print start and stop times for error check
PRINT" Stop :"s$
COLOR 15
WHILE NOT INST AT 
LOCATE 22,12
PRINT "ANY KEY TO CONTINUE"
WEND
REM save data to disc
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CALL datasave (dataixiL%0,dataiiiR%0,R%,C$,day$,gainer,speed$) 
END
RJElVl ^^^^^^^^^^^^^^ END OF AylATM PROfiR AMMK 
REM Data Save routine
SUB datasave(datainL%(l),datainR%(l),R%,C$,day$,gainer,speed$)
CLS
COLOR 15
PRINT "DATA SAVING PROCEDURE"
PRINT:PRINT"Test Code :"C$:PRINT 
INPUT "Enter Filename " N$
IF N$="" THEN F$=C$ + ".DAT" ELSE F$ = N$ + ".DAT"
PRINT F$
PRINT "Subject Identity Code:" C$
PRINT "Test Date: " day$
PRINT "Gain setting: " gainer
IF speed$="F" OR speed$ = " f 1 THEN s$="FAST" ELSE s$="SLOW" 
PRINT "Data Speed: " s$
OPEN F$ FOR OUTPUT AS #2
REM : send test details to head u p  disc file 
WRITE #2, C$,day$,R%,gainer,speed$
PRINT C$,day$,R%,gainer,speed$
REM send data to disc file as integer variable representing ASCII character 
FOR W% = 0 TO R%
L%=datainL%( W%) :R%=datainR%(W%)
WRITE #2, L%,R%
LOCATE 14,10:PRINT W%,L%,R%
NEXT
CLOSE
PRINT "SAVING COMPLETED & FILES CLOSED"
END SUB
REM - routine in case or software or hardware error 
bad:
COM(2) OFF
PRINT "ERROR" ERR "AT LINE "ERL"
CLOSE
END
C.3 Data Retrieval Flowchart
The overview flowchart is shown in Chapter 4 (Figure 4.9) and is not replicated here.
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G raphics Routine
i
Examine Data Arrays
---------------------------------------- ^
r
CALL scale
------------------------------------------►
Establish MAXIMUM 
and MINIMUM values
AUTOSCALING routine
select scale based on MAX value 
Options: 50mV
25mV 
12.5mV 
2.5mV 
1.0m V
Y axis labels 
depending on 
autoscaling
CALL display
Determine no. of data points 
Calculate x axis increment 
Caluculate loop Increment to get 
even plot of data 
CALL xscale
Plot x axis time markers
END r
Plot CH1 (Left) Data
a
r v
Plot CH2 (Right) Data
Read array 
Multiply by scaling 
factor 
Plot point
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Data Dump to Screen or Printer
File Conversion
Show file information to screen
Input New Filename and add .CON
Send data to disc in mV(L), mV(R) 
format
Close File END
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C.4 Data Retrieval, Graphics and Statistics Software Listing (RETR-7)
I ifcif::}:;}:***:)!*!}::**!}::!:*:}:**:*:************* **************
' * DATA RETRIEVAL FILE - STATS AND GRAPHICS 
' * "RETR-7"
• * T WATSON
• * 30-04-93
' * FOR DATA RETRIEVAL FROM COLLECT2 FILESi H«***************************** ******** ********
DO
CLOSE
CALL main 
AAA$=INKEY$
LOOP UNTIL AAA$="ZZ"
END
SUB main
t if : :{:;| c :{ ; :tc s|s $ ’ tes te d ’): >): Sts’! : * 9!: sk * * * * $ * * * * *  ^ s i :  * $ * * * * * *  *
'* MAIN PROGRAMME
cls
COLOR 9PRINT TAB(25) "Type ‘QUIT1 to exit"
jump=T
COLOR 14
PRINT TAB (23) "DATA RETRIEVAL PROGRAMME": COLOR 7PRINTPRINT
SHELL "DIR *.DAT/W" REM prints directory to screen 
LOCATE 20,10:PRINT "Enter Filename for Data Retrieval"
INPUT N$:N$=UCASE$(N$)
IF N$="QUIT" THEN END 
L$ = N$ + ".DAT"
CLS
OPEN L$ FOR INPUT AS #1 : REM opens data file
REM read test information and print to screen
INPUT #1,C$,D$,R%,gainer,speed$ 
speed$=UCASE$(speed$)
IF speed$="F" THENs$="Fast" ELSEs$="Slow"
IF speed$="F" THEN duration = R%/666 ELSE duration = R%/67 
LOCATE 5,10:PRINT "Filename "TAB(45) L$
LOCATE 7,10:PRINT "Subject Identity Code: "TAB(45) C$
LOCATE 9,10PRINT "Test Date: " TAB(45) D$
LOCATE llJOPRINT "Number of Readings: "TAB(44) R%
IF speed$="F" THEN gap$="0.1" ELSE gap$="l"
LOCATE 13,10PRINT "Interval between readings: ";gap$;" sec"
LOCATE 15,10:PRINT "Gainused: ";gainer
LOCATE 17,10PRINT "Data Speed: "TAB(45) s$
LOCATE 19,10PRINT "Time taken: "TAB(44)duration;" min"
REM array for converted data
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DIM milliL(R%)
DIM miIliR(R%)
COLOR 10
REM read data from file
PRINT:PRINT" READING FILE DATA":PRINT 
FOR J% = 0 TO R%
INPUT #1, LL 
INPUT #1, RR
CALL convert(LL,RR,milliLO,milliRO}gainer,J%)
COLOR 2:LOCATE 21,10:PRINT "CONVERSION COUNTER: "J% 
NEXT
while not instat 
LOCATE 22,10:COLOR 14
PRINT "END OF DATA IMPORT - PRESS KEY TO CONTINUE" 
wend
COLOR?
X $ -'Y "
'* MAIN MENU
X$="T"
DO
CLS
PRINT "SELECT OPERATION":COLOR 13
LOCATE 8,10:PRINT"FOR DATA COLLECTED AFTER 15/02/93 ONLY" 
COLOR 1
LOCATE 10,10:PRINT "A) GRAPHICS":COLOR 5 
LOCATE 12,10:PRINT "B) STATISTICS":COLOR 4
LOCATE 14,10:PRINT "C) DATA DUMP (PRINTER OR SCREEN)":COLOR 2 
LOCATE 16,10:PRINT "D) SAVE CONVERTED DATA TO FILE":COLOR 9 
LOCATE 18,10:PRINT "Q) QUIT"
INPUT choiceS: COLOR 7 
choice$=UCASE$(choice$)
IF choice$ = "A " THEN CALL graphics (L$)R%,C$,D$>miliiL(),milliRO,speed$) 
IF choiceS = "B" THEN CALL stats (imlliLO,imlliRO,L$,R%,C$)D$}speed$)
IF choiceS = "C" THEN CALL dump (nulliLO,milliR(),L$,R%,C$,D$)
IF choiceS = "D" THEN CALL datasave(iiiilliL()JmilliR()}L$5C$,D$,R%,speedS) 
SCREEN 0
IF choiceS = "Q " THEN X$="Q"
LOOP UNTIL X$ = "Q"
COLOR 7
REM clear arrays so that next file can be processed 
ERASE milliL 
ERASE milliR
END SUB
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'* STATS ROUTINE
SUBstats(milliL(l),milliR(l),L$,R%,C$,D$,speed$)
CLS:PRINT "Calculating Stats"
IF speed$="F" THEN duration-(R%/666) ELSE duration = (R%/67)
LOCAL CL,CR,ML,MR,LL,LR,Q,msqL.msqR
Q=0:CL = 0:CR = 0:ML = 0:MR = 0:LL = 0:LR = 0:Q = 0:msqL = 0:msqR= 0
FOR 1 = 0 TO R%
CL = milliL(I)
CR = liiilliR(I)
ML = ML + CL 
MR = MR + CR
REM M = RUNNING TOTAL OF Ex
sqL=CL*CL
sRR=CR*CR
REM USE sa TO CALCULATE Ex2
LL LL+sqL 
LR=LR+sRR
REM L is running total of Ex2
IF I = 0 THEN Q = 0 
Q=Q+1
NEXT
T%=R%+1
avL=ML/T%
avR=MR/T%
REM av -  MEAN
msqL=ML*ML 
msqR=MR*MR 
REM msa ^running total (Ex)2
stuffL=msqL/T%
stuffR=msqR/T%
WL=LL-stuffL
WR=LR-stuffR
SSL=WL/T%
SSR=WR/T%
REM SS = VARIANCE
SL=SQR(SSL)
SR=SQR(SSR)
REM S = STD DEV
aa$ = "mmmm.mm"
REM set number format to 3 dec places
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cls
REM statistics printout
COLOR3
PRINT
PRINT TAB(29)U* TEST STATISTICS *"
PRINT TAB(29)"*******************"
COLOR 14
PRINT:PRINT " File "TAB(35) L$
COLOR 15
PRINT" Number of data points included " TAB(34)Q 
PRINT" Time Period for Test (min) "TAB(34)duration 
PRINT" Test Code " TAB(35)C$
PRINT" Test Date & Time " TAB(35) D$:PRINT 
PRINT TAB(40)"L" TAB(60)"R":PRINT
PRINT TAB(5)" Sample Mean ";TAB(35)USING aa$;avL TAB(55)avR:PRINT
PRINT TAB(5)" Standard Deviation" TAB(35)USING aa$; SL TAB(55) SR:PRINT
PRINT TAB(5)" Variance" TAB(35)USING aa$;SSL TAB(55)SSR:PRINT
PRINT TAB(5)" Sum of Values (Ex)"TAB(35)USING aa$; ML TAB(55)MR:PRINT
PRINT TAB(5)" Sum of Squares (Ex2) "TAB(35)USING aa$; LL TAB(55)LR:'PRINT 
COLOR 3
PRINT:PRINT TAB(30)"Any Key to Continue"
DO UNTIL stuff$—" "  
stuff$ = INPUT$(1)
LOOP 
COLOR 11
INPUT " Do you want to print results "ans$
IF ans$="Y" OR ans$ = "y" THEN CALL outputs(L$)QJC$,D$,avL,avR,_ 
SL,SR,ML,MR,LL,LR,SSL,SSR)
END SUB
'* PRINT OUTPUT ROUTINE
SUB outputs(L$,Q,C$,D$,avL,avR,SL,SR,ML,MR,LL,LR,SSL5SSR)
a9t —  lU U U U W M cluq) TrTTTrTrTrtr a tr r r t r
LPRINT
LPRINT TAB(29)"* TEST STATISTICS *n 
LPRINT TAB(29)"*******************"
COLOR 14
LPRINTrLPRINT " File "TAB(35) L$:PRINT 
LPRINT" Number of data points included 1 TAB(34)Q 
LPRINT" Test Code" TAB(35)C$
LPRINT" Test Date & Time" TAB(35) D$:PRINT
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LPRINT TAB(40)"L" TAB(60)"R":PRINT
LPRINT TAB(5)" Sample Mean ";TAB(35)USING aa$;avL TAB(55)avR:PRINT
LPRINT TAB(5)" Standard Deviation" TAB(35)USING aa$; SL TAB(55) SR:PRINT
LPRINT TAB(5)" Variance" TAB(35)USING aa$;SSL TAB(55)SSR:PRINT
LPRINT TAB(5)" Sum of Values (Ex)"TAB(35)USING aa$; ML TAB(55)MR:PRINT
LPRINT TAB(5)" Sum of Squares (Ex2) "TAB(35)USING aa$; LL TAB(55)LR:'PRINT 
COLOR 3
END SUB
'* ERROR TRAPPING ROUTINE
trapper:
PRINT "Error Trapped" 
PRINT ERR" at line "ERL 
CLOSE 
END
'* DATA DUMPING ROUTINE
SUB dump(milliL(l),niilliR(l),L$)R%,C$,D$)
CLS
COLOR 2
PRINT "Do you want to print data? ":INPUT pr$
IF pr$ = "y" ORpr$ = "Y " THEN CALL prdump(milliLO,milliR(),R%,L$)_ 
ELSE CALL scdump(milliL0,milliR05R%,L$)
END SUB
'* PRINTER DATA DUMP
SUB prdump(nulliL(l)}millIR(l),R%,L$)
COLOR 3:PRINT"DATA DUMP TO PRINTER":COLOR 7 
jump = 1
PRINT "Select data sample eg. 30 for every 30th point"
INPUT jump
IF jump=0 THEN jump =1 
b $="#####.###"
LPRINT
LPRINT "File : "L$ TAB(25)"Sample n = "R%+1 
LPRINT'SampIe print rate : every "jump" data points"
LPRINT
LPRINT" L R L R L R L R L R" 
LPRINT
FOR 1 = 0 TO R% STEP jump
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LPRINT USING b$; milliL(I),inilliR(I), 
NEXT
LPRINT” END OF FILE"
END SUB
'* SCREEN DATA DUMP
SUB scdump(milliL(l),milliR(l)}R%,L$)
COLOR 3PRINT'DATA DUMP TO SCREEN":COLOR 7 
jump = 1
PRINT "Select data sample eg. 30 for every 30th point"
INPUT jump
IF jump = 0 THEN jump =1 
COLOR3
PRINT "File : "L$ TAB(25)"Sample Size : "R%+1
PRINT'Sample print rate : every "jump" data points" 
PRTNT:COLOR7
PRINT" L R L R L R L R L R" 
PRINT:COLOR 3
FOR 1 = 0 TO R% STEP jump 
PRINT USING b$; milliL(I),milliR(I),
NEXT
PRINT" END OF FILE"
PRINTPRINTPRINT 
COLOR 7
WHILE NOT INSTAT
LOCATE 23,10:PRINT "SPACE TO CONTINUE"
WEND 
END SUB
'* GRAPHICS ROUTINE
SUB graphics(L$,R%,C$,D$,milliL(l),milliR(l),speed$)
CLS
COLOR 3
PRINT TAB(30)"DATA GRAPHICS"
COLOR 14 
big = 0:small = 0
REM establish max nos and neg values in data
FOR J%=0 TO R%
L = milliL(J%)
R = milliR(J%)
IF L > big THEN big = L 
IF R > big THEN big = R
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IF L < small THEN small = L 
IF R < small THEN small = R
NEXT
COLOR 7 
CLS
SCREEN 12 
mult=0:range=0
CALL scale(big,small, range, mult)
CALL axes (range,L$,C$,D$,R%,speed$)
CALL display (milliLO,milliR(),R%,mult,speed$)
END SUB
'* auto scaling
SUB scale(big,small,range,mult)
small = ABS(small)
IF small > big THEN big = small 
range = 0
DO UNTIL range o O  
IF big >25 THEN range = 5 REM 'SCALE + /- 50mV
IF big>12.5 AND big <25 THEN range = 4 REM SCALE+ /-25mV
IF big >2.5 AND big <12.5 THEN range = 3 REM SCALE + /- 12.5
IF big >1.0 AND big <2.5 THEN range = 2 REM SCALE + /- 2.5
IF big >0 AND big <1.0 THEN range = 1 REM SCALE +/- 1.0
IF range >5 THEN range = 0 
LOOP
IF range = I THEN mult = 160 
IF range = 2 THEN mult = 64 
IF range = 3 THEN mult = 12.8 
IF range = 4 THEN mult = 6.4 
IF range = 5 THEN mult = 3.2 
REM mult = factor for conversion from ASCII to mY 
END SUB
'* DRAW AXES
SUB axes(range,N$,C$,D$,R%,speed$)
color 7,1 fWTDTH 80
CLS
LINE (70,87) - (570,407),7,B 
LINE (60,87)-(70,87) 'EXTRA 
LINE (60,407)-(70,407) 'EXTRA 
LINE (60,246)-(570,246)
LINE (60,248)-(570,248)
LINE (60,279)-(570,279)
LINE (60,311)-(570,311)
LINE (60,343)-(570,343)
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LIN E (60,375)-(570,375)
LIN E (60,215)-(570,215)
LIN E (60,183)-(570,183)
LIN E (60,151)-(570,151)
LIN E (60,119)-(570,119)
COLOR 15
LIN E (500,39)-(550,39)
COLOR 12
LIN E (500,55)-(550,55)
COLOR 15
CA LL label(range,N$,C$,D$,R%,speed$)
END SUB
'* Axes Labeling
SUB label(range,L$, C$,D$,R%,speedS)
LOCAL MS 
WIDTH 80 
M$="##"
IF range = 5 THEN grid = 10
IF  range =  4 THEN grid = 5
IF range = 3 THEN grid = 2.5
IF range =  2 THEN grid = 0.5
IF range =  1 THEN grid = 0.2
IF range = 1 OR range = 2 THEN M$="##.#"
IF range >2 THEN M $="##F
LOCATE 16,6:PRINT "0"
LOCATE 18,4:PRINT USING MS; (grid*-l)
LOCATE 20,4PRIN T USING M$;(grid*-2)
LOCATE 22,4PRINT USING M$;(grid*-3)
LOCATE 24,4PRINT USING M$;(grid*-4)
LOCATE 26,4PRINT USING M$;(grid*-5)
LOCATE 14,4 PRIN T USING M$;(grid*l)
LOCATE 12,4PRIN T USING M$;(grid*2)
LO CATE 10,4PRIN T USING M$;(grid*3)
LO CATE 8,4PRINT USING M$;(grid*4)
LO CATE 6,4PRIN T USING M$;(grid*5)
COLOR 15
LOCATE 7,2PRIN T "mV"
LOCATE 25,75:COLOR 15PRIN T "Time"
LOCATE 26,75PRIN T "(min)"
LO CATE 1,2PR IN T "File : "TAB(20)L$
LOCATE 2,2PRIN T "Test Code :"TAB(20)C$
LOCATE 3,2PRIN T "Test Date :"TAB(20)D$
a$ = "##.##"
IF speedS ="F" THEN m in=(R%/666) ELSE min = (R%/67) 
IF speedS ="F" THEN coderS ="0.1" ELSE coderS ="1" 
LOCATE 4,2PRIN T "No of Readings :"TAB(19)R%_ 
in ";TAB(30)USING a$;min:LOCATE 4,36PRINT"min" 
LOCATE 3,71PRINT"L"
COLOR 12:LO CATE 4,71 PRIN T "R":COLOR 15 
LO CATE 2,63 PRIN T "Q TO QUIT"
END SUB
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'* Screen Plot
I ♦  *  *  ♦  +  *  *  sjs *  ♦  ♦  *  *t< Sfc ♦  * ♦  ^  Sfc #  *  ♦  ♦  ♦  *  ♦  *  *  * ♦  *  *  *  H8 *  *  *  *  *  *  *  *  *  *  H< H< *  sf:
SUB display(niilliL(l),milliR(l),R%,mult3speed$)
SCREEN 12 
W=247
REM W is start height of zero line
REM scale is X  axis increment, jump = STEP size in loop
jump =  1
IF R%<~500 THEN scale = 1
IF R%<=250 THEN scale = 2
IF R %<=166 THEN scale = 3
IF R %<=125 THEN scale = 4
IF R %<=100 THEN scale = 5
IF R%>500 THEN scale = 1
IF R %  >500 THEN jump = CEIL(R%/500)
endpoint = (((scale/jump)*R%)+70)
REM endnoint is position of far end of curve
CA LL xscale(scale}endpoint,R%,speed$) REM x axis time markers
x = 70;y=247 'start position
DRAW "BM70,247" REM move to zero both axes
COLOR 15
FOR 1 = 0 TO R %  STEP jump
zL =  milliL(I) REMzL is data from array
zL = zL * mult REM zL takes account of scaling factor
zL = INT(zL) REM zL converted to integer
yL = W - zL REM W represents v axis position
IF I =  0 THEN x=x
IF I o  0 THEN x = x + scale
IF I = 0 THEN LIN E - (x,yL)
IF  I o  0 THEN LIN E -(x,yL)
NEXT
x=70:y=247:DRAW "BM70,247"
COLOR 12
FOR I = 0 TO R %  STEP jump 
zR = milliR(l) 
zR = zR * mult 
y R = W -z R  
IF I = 0 THEN x = x 
IF I o  0 THEN x = x + scale 
LIN E - (x,yR) ',„&HAAAA
N EXT  
COLOR 15:
DO
INPUT A$:A$=UCASE$(A$)
LOOP UNTIL A$="Q"
END SUB
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'* TIM E MARKERS
SUB xscale(scale,endpoint,R%,speed$)
LO CAL H,Q,T,F 
endpoint = endpoint+70 
half = endpoint/2 
qtr = (half+70)/2 
endpoint = endpoint-70
tlirqtr = half + ((endpoint-lialf)/2)
LIN E (half,407)-(half,415)
LIN E (qtr,407)-(qtr,415)
LIN E (thrqtr,407)-(thrqtr,415)
LIN E (endpoint,407)-(endpoint,415)
LIN E (70,407)-(70,415)
IF speed$-'F" THEN H=(R%/666)/2 ELSE H=(R%/67)/2
Q=H/2
T=H+Q
F=2*H
COLOR 7
a$="##.##"
hpos=FIX(half/8)
qpos=FIX(qtr/8)
tpos=FIX(thrqtr/8)
endpos=FIX(endpoint/8)
LO CATE 28,9:PRINT ”0"
LOCATE 28,hpos:PRINT USING a$; H 
LO CATE 28,qpos:PRINT USING a$; Q 
LO CATE 28,tpos:PRINT USING a$; T  
LO CATE 28,endpos:PRINT USING a$; F
END SUB
'* DATA CONVERSION ROUTINE
SUB convert(LL,RR,milliL(l),milliR(l),gainer,J%)
REM gain settings
IF gainer = 1 THEN gain = 10 
IF gainer = 2 THEN gain = 24 
IF gainer =  3 THEN gain = 49 
IF gainer = 4 THEN gain = 100 
COLOR 2
REM data conversion
VL=(19.65*LL)-2489
VL=VL/gain
m illiL(J%)=VL
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VR=(19.65*RR)-2489
VR=VR/gain
m illiR(J%)=VR
END SUB
D ATA SAVE USING FORMAT FOR INPUT TO OTHER SOFTWARE
SUB datasave(milliL(l),milliR(l)JL$,C$>D$,R%,speedS)
LO CAL W$
W $="##.###"
CLS
COLOR 15
PRINT "DATA SAVING PROCEDURE"
PRINT:PRINT"CURRENT F IL E : "L$
PRINT:PRINT"Test Code :"C$:PRINT 
INPUT "Enter Filename " NS
IF N$="" THEN F$=C$ + ".CON" ELSE F$ = N$ + ".CON"
PRINTPRINT'New filename : " F$
PRINT "Subject Identity Code: " C$
PRINT "Test Date: " D$
OPEN F$ FOR OUTPUT AS #2 : REM open new data file
COLOR 2iPRINT "SAVING CONVERTED DATA"
FOR U %  = 0 TO R %
PRINT #2, USING "###J##";(milliL(U%)); 
print #2,",";: REM separate data with commas 
print #2, using ,l###.###";(inilliR(U%))
N EXT
CLOSE 
CO LO R4
PRINT "SAVING COMPLETED & FILES CLOSED"
COLOR 7 
END SUB
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D. Grass Experiments
During the MSc project (Wood 1991), the Grass Model 79D electrophysiology recording equipment had been 
used to check the recording characteristics of the single channel system. The Grass amplifiers are the ‘gold 
standard’ for many electrophysiologists and two brief experimental test series were conducted using the system 
which was available for limited access in the Psychology Department at the University.
The first (May 1991) and second (November 1991) test sessions involved both electrode offset and drift tests 
together with a limited subject test. The aims of these tests was to enable comparison of the electrode offset 
voltages recorded during the system evaluation tests and to see whether the bilateral common variation in DSSP 
recorded with the two channel system was a characteristic of the potentials when recorded using an 
independent measurement system.
The Grass system used was a Model 79D, with a low level D C pre amplifier giving an output to the pen 
recorder. The instrument was calibrated and checked against the manufacturers instructions.
D.l May 1991 Tests
Test 1 : A  single pair of TOOS electrodes were connected face to face to a single channel of the D C amplifier. 
The test was run for 35 minutes from the initial connection (the maximum time available in the lab). The initial 
offset voltage was 0,0875mV and the final offset was 0.05mV giving a drift of 0.0425mV, which is equivalent 
to 0.073mV/hr assuming a consistent rate of drift.
Test 2 : Two pairs of TOOS electrodes were coimected simultaneously to the two input channels on the DC pre 
amplifier. Electrode offset and drift rates were recorded for 37 minutes from initial connection and then the 
same electrodes were transferred to a subject (TW) at the knee electrode placement sites and the bilateral knee 
potentials were recorded from Time = 41 to 82 minutes. A  reference electrode (Devices stainless steel EMG 
plate electrode with 3M Reference electrode gel) was attached to each forearm (upper 1/3 volar aspect) and 
referenced through the appropriate DC amplifier channel. The use of two reference electrodes was in 
accordance with the manufacturers recommendations.
The initial and final (Time = 37 minute) electrode offset potentials and calculated drift rates are given in Table 
D .l for each channel.
Channel A Channel B
Initial Offset (mV) -0,14 -0.29
Final Offset (mV) -0.05 -0.04
Drift Rate (mV/hr) 0.16 0.42
Table D .l : Results of Grass Instrument Offset and Drift test (2)
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Tlie knee potentials recorded over the following 40 minutes were similar to those recorded during the pilot and 
subsequent non injured subject tests. The results show a small potential (mean of -0.57 on the left and 0.49 on 
the right, based on a 30 second sample rate from the chart). The common variation between the potentials 
recorded from the two limbs was seen, as it had been in Wood’s MSc and in the later 2 channel trials. Chart d. 1 
shows the electrode offset and the subsequent left and right knee potentials recorded.
Time (min)
Chart D. 1 : Electrode offset and Subject Knee potentials from Grass experiment
The knee potentials are significantly larger than the electrode offset potentials which appear to he stable before 
attachment to the subject. Although there are differences between the left and right knee potentials, the overall 
profiles are similar and the variation in DSSP magnitude appears to be mirrored in the opposite limb. That this 
pattern was seen when the DSSP was recorded from an independent instrument strongly suggested that the 
similarity in the variation between left and right limbs was not a function of the 2 channel instrument and was 
likely to be either a physiological phenomenon or an instrumentation problem which was common to the new 
system and to the established measurement tools. The former was considered the more probable explanation.
Test 3 : A  repeat electrode offset and stabilisation test was conducted, with the potentials recorded from 2 D C  
amplifier channels for 1 hour from the time of electrode connection face to face. The initial offset, final offset 
potentials, and drift rates from this test are shown in Table D.2.
Channel A Channel B
Initial Offset (mV) 0.12 0.14
Final Offset (inV) 0.00 0.01
Drift Rate (mV/hr) 0.12 0.13
Table D.2 : Test 3 electrode offset and drift results
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D.2 November 1991 Tests
The Grass system tests in November 1991 was almost exactly the same in that the first test simply recorded the 
electrode offset potential and drift rate over 1 hour. The second test involved a 1 horn: electrode offset test 
followed by placement of the same electrodes on a subjects (TW) knees and the bilateral potentials recorded for 
a further 1 hour. The third test was a repeat of the second. The summary test results are shown in Tables D.3 
and D.4.
Channel A Channel B
Initial Offset (mV) -0.1 -0.015
Final Offset (mV) -0.02 0.01
Drift Rate (mV/hr) 0.08 0.005
Left Knee Right Knee
Initial knee DSSP -0.5
t"o>
Final knee DSSP -2.6 -2.9
Table D.3 : Summary results of November 1991 electrode and subject test (A)
Channel A Channel B
Initial Offset (mV) -0.14 0.4
Final Offset (mV) -0.28 0.25
Drift Rate (mV/hr) 0.14 0.15
Left Knee Right Knee
Initial knee DSSP 0.1 -0.3
Final knee DSSP -1.15 -1.5
Table D.4 : Summary results of November 1991 electrode and subject test (B)
The results of the electrode and the knee DSSP tests are consistent with both the new instrument tests (Chapter 
5) and the behaviour of the DSSP recorded with the 2 channel instrument from non injured subjects (Chapters 
6,8 and 9).
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E. Injured Subject Pilot Study - Test Results
The results of the injured subject pilot study conducted at the West London Institute during February 1992 are 
included in this Appendix. For each subject, the relevant clinical assessment findings and mean potentials are 
detailed together with any additional comments. This data supplements that in Chapter 6.
E.l Subject VB
Female 31 years. Left ankle sprain 2 weeks ago. Inversion injury, lateral pain 
Attended for 2 sessions (3/2/92 and 7/2/92)
Ranee of Movement
(measured in degrees from neutral (plantigrade position)
Range Left Ankle (injured) Right Ankle
Session 1 Session 2 Session 1 Session 2
Dorsiflexion -5 No change 60 No change
PlantarfLexion 10 15 70 No change
Table E. 1 :  Subject VB Range of Movement 
Pain : VAS Score = 1.35 at session 1. No change at session 2 
Oedema: None
Mean DSSP values (in mV) with (Standard deviation) from 600 readings per session
ELECTRODE
COMBINATION
L/R SESSION 1 
3/2/92
SESSION 2 
7/2/92
KNEE L -17.53 (3.1) 5.09 (1.2)
R -16.36 (2.3) 5.30 (0.97)
LATERAL L -14.63 (0.90) -16.78 (1.45)
R -15.62 (1.13) -16.71 (1.41)
MEDIAL L -32.21 (0.92) -5.86 (1.86)
R -33.76 (0.59) -10.05 (1.42)
ANKLE L * *
R * *
Temperature (°C) 20 20
Relative Humidity (%) 40 41
Table E.2 : Subject VB summary results
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Very similar left/right potentials at each session but significant difference between session 1 and 2 mean 
potentials (especially knee and medial). Lateral potential most directly associated with injury remains relatively 
constant. Data does not fit injury model as there is no real difference between left and right limb data.
E.2 Subject BA
Female 22 years. Right ankle sprain 1 day ago. Inversion injury, lateral pain 
Attended for 4 sessions (4/2/92, 6/2/92, 11/2/92 and 14/2/92)
Range of Movement (measured in degrees from neutral (plantigrade position)
Range Left Ankle Right Ankle (injured)
Session 1 Session 2 Session 4 Session 1 Session 2 Session 4
Dorsiflexion 10 5 5 -2 10 -5
Plantarflexion 60 60 55 45 60 50
Range 70 65 60 43 70 45
Table E.3 : Subject BA range of movement 
Pain : VAS Score = 6.0 at session 1, 2.0 at session 2 and 0 at session 4 
Oedema: L=R at malleoli and hindfoot (navicular tuberosity) all sessions
Mean DSSP values (in mV) with (Standard deviation! from 600 readings tier session
ELECT R O D E
COM BINATION
L /R SESSION 1 
4/2/92
SESSION 2 
6/2/92
SESSION 3 
11/2/92
SESSION 4 
14/2/92
K N EE L -6.83 (0.10) -3.83 (0.18) -6.80(0.12) -9.98(0.12)
R -4.82(0.17) - 5.35 (0.19) -7.27(0.12) -8.20(0.19)
LA T E R A L L -15 .21 (0.19) -31.85 (0.36) -19.52 (0.17) -20.44 (0.15)
R -21.04 (0.17) -31.04 (0.54) -11.06(0.16) -12.08 (0.19)
M ED IA L L -30.57 (0.19) -32.87 (0.21) -27.11 (0.20) -34.99 (0.39)
R -27.12 (0.24) -31.04 (0.29) -34.07 (0.23) -35.94 (0.47)
A N K LE L 0.79 (0.17) 4.15 (0.23)
R 15.93 (0.18) 15.04(0.19)
Temperature (°C) 18 20 20 21
Relative Humidity (% ) 50 43 49 46
Table E.4 : Subject BA summary results
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The clinical assessment results suggest that significant resolution has taken place over the 10 days of the tests. 
The medial and lateral DSSP profile is similar. Expect lateral (and medial) to be more positive on injured limb 
which is not apparent from the data which doesn’t fit the injury model. The ankle potentials (sessions 3 and 4) 
expected to be more positive which they are.
E.3 Subject CW
Male 26 years. Right knee injury 1 week ago. Direct blow to lateral aspect of joint 
Attended for 2 sessions (5/2/92 and 7/2/92)
Range of Movement (measured in degrees from neutral (knee in extension)
Range Left Knee Right Knee 
(injured)
Session 1 Session 1
Extension 0 -5
Flexion 130 110
Range 130 115
Table E.5 : Subject CW range of movement
Pain: VAS Score = 3.0 at session 1 and 0.0 at session 2
Oedema : Right knee oedema/effusion +3cm session 1, +2.5cm session 2
Suprapatella effusion +1.5cm at session 1 and 2.5cm at session 2
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Mean DSSP values (in mV) with (Standard deviation) from 600 readings per session
ELECTRODE
COMBINATION
L/R SESSION 1 
5/2/92
SESSION 2 
7/2/92
KNEE L 0.32 (1.01) 2.57 (2.98)
R -5.54 (0.97) 0.64 (2.09)
LATERAL L 11.06 (0.87) -3.99 (1.20)
R 2.15(0.59) 0.66 (0.93)
MEDIAL L 4.12 (0.91) -6.30 (1.38)
R -0.63 (1.39) -2.86 (0.80)
ANKLE L * *
R * *
Temperature (°C) 19 20
Relative Humidity (%) 45 41
Table E .6 : Subject CW summary results
The potentials from the right (injured) limb are more consistent, with the left limb potentials showing a definite 
negative shift. The model predicts a more negative medial, lateral and ankle potentials all of which are seen.
E.4 Subject BW
Female 19 years. Retropatella pain right knee following 2 prolonged cycle training sessions 3 weeks ago. Pain 
diffuse
Attended for 3 sessions (6/2/92, 7/2/92 and 11/2/92)
Range of Movement (measured in degrees from neutral (knee in extension)
Range Left Knee 
(injured)
Right Knee
Session 1 Session 1
Extension -3 0
Flexion 125 125
Range 128 125
Table E.7 : Subject BW range of movement
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Pain: VAS Score = 0.0 at both sessions
Oedema: No evidence or history of swelling or effusion.
Mean DSSP values fin mV) with (Standard deviation! from 600 readings per session
ELECTRODE
COMBINATION
L/R SESSION 1 
6/2/92
SESSION 2 
7/2/92
SESSION 3 
11/2/92
KNEE L -16 .12 (0.15) -1.48 (0.16) -9.93 (0.16)
R -8.23 (0.21) -8.10(0.17) -9.07 (0.19)
LATERAL L -9.70 (0.53) -28.79 (0.50) -16.66 (1.06)
R -9.48 (0.63) -22.53 (0.53) -16.02 (1.06)
MEDIAL L -23.78 (0.64) -31.49 (0.45) -19.59 (1.45)
R -15.43 (0.50) -33.66 (0.19) -14.63 (1.04)
ANKLE L * * -1.26 (0.35)
R * * -4.43 (0.28)
Temperature (°C) 20 20 20
Relative Humidity (%) 41 41 50
Table E .8 : Subject BW summary results
The left/right profiles over the 3 sessions are similar except for a variation in the left (injured) knee potential at 
session 2. The injury is 3 weeks old and the clinical data suggests that it is well beyond the acute stage. The 
change in left knee potential at session 2 is unlikely to be related to the injury.
E.5 Subject BP
Female 34 years. Left ankle sprain 6 days ago. Inversion injury, lateral pain 
Attended for 2 sessions (11/2/92 and 14/2/92)
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Range of Movement (measured in degrees from neutral (plantigrade position)
i Range Left Ankle 
(injured)
Right Ankle
Session 1 Session 1
Dorsiflexion 0 15
Plantarflexion 80 65
Range 80 80
Table E.9 : Subject BP range of movement 
Pain: VAS Score = 1.5 at session 1, 1.8 at session 2 
Oedema : +1.5cm at level of malleoli at session 1
Mean DSSP values (in mYl with (Standard deviation) from 600 readings per session
ELECTRODE
COMBINATION
L/R SESSION 1 
11/2/92
SESSION 2 
14/2/92
KNEE L 15.14 (0.31) 17.22 (0.26)
R 1.99 (0.21) -2.20(0.10)
LATERAL L -34.80 (1.54) -35.20 (1.37)
R -16.45 (1.72) -22.46 (1.22)
MEDIAL L -22.00 (1.45) -17.30 (0.64)
R -17.53 (1.72) -24.58 (0.52)
ANKLE L * -2.20 (0.79)
R * -0.59 (0.78)
Temperature (°C) 21 20
Relative Humidity (%) 46 46
Table E.10 : Subject BP summary results
The potentials from the injured (left) limb are more stable (exhibit less change between sessions) than those 
from the non injured limb. The medial and lateral potentials from the injured limb are expected to be more 
positive than from the non injured limb and the reverse is seen. The injury is past its most acute stage and is 
expected to be in the repair/recovery phase. The limited data available makes links with the injury model 
tenuous, but the results do not generally support the predictions.
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E.6 Subject CC
Female 19 years. 2 arthroscopies to right knee for removal of bone chip at 6 months and 5 months previously. 
Left with deep central knee pain.
Attended for 2 sessions (11/2/92 and 13/2/92)
Range of Movement (measured in degrees from neutral (knee in extension)
Range Left Knee Right Knee 
(injured)
Session 1 Session 1
Extension 0 -5
Flexion 125 120
Range 125 125
Table E . l l : Subject CC range of movement 
Pain : VAS Score = 0.0 at both sessions 
Oedema : +2cm at level of joint line at session 1.
Mean DSSP values (in mV) with (Standard deviation’) from 600 readings tier session
ELECTRODE
COMBINATION
L/R SESSION 1 
11/2/92
SESSION 2 
13/2/92
KNEE L -0.85 (0.19) 1.99(0.17)
R -0.78 (0.18) -4.79 (03.2)
LATERAL L 0.31 (0.49) 1.96 (0.46)
R -1.57 (0.73) -1.89 (0.44)
MEDIAL L -1.40 (1.31) 0.59 (1.73)
R -2.64 (1.22) -7.17 (1.38)
ANKLE L * 2.26 (0.65)
R * -1.08 (0.64)
Temperature (°C) 21 20
Relative Humidity (%) 46 45
Table E. 12 : Subject CC summary results
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The injury is chronic and presents no pertinent clinical symptoms other than what may be an effusion in the 
right (injured) knee. The potentials are very similar from the left and right limbs except for the medial 
potentials at session 2. As previously, this difference maybe coincidental rather than directly attributable to the 
injury.
E.7 Subject AT
Male 21 years. Left ankle sprain 2 months and 1 month age. Inversion injury, lateral pain 
Has attended for 5 ultrasound treatments recently. Unclear of dates or treatment parameters.
Attended for 2 sessions (12/2/92 and 14/2/92)
R an ge of Movement (measured in degrees from neutral (plantigrade position)
Range Left Ankle 
(injured)
Right Ankle
Session 1 Session 1
Dorsiflexion 10 5
Plantarflexion 80 75
Range 90 80
Table E.13 : Subject AT range of movement
Pain : VAS Score = 2.0 at sessions 1 and 2 
Oedema : N il of note at either session
Mean DSSP values fin mV) with (Standard deviation! from 600 readings per session
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ELECTRODE
COMBINATION
L/R SESSION 1 
12/2/92
SESSION 2 
14/2/92
KNEE L - 11.1 (0.26) 10.80 (0.32)
R 3.43 (0.19) 2.90 (0.18)
LATERAL L 1.48 (0.37) -7.05 (0.39)
R -9.89 (0.31) -8.17 (0.49)
MEDIAL L -11.56  (0.59) -1.8 1 (1.06)
R -4 .11 (0.57) -4.45 (0.62)
ANKLE L 3.40 (0.02) 3.39 (0.63)
R -0.66 (0.64) -3.78 (0.37)
Temperature (°C) 20 20
Relative Humidity
( % )
51 49
Table E.14 : Subject AT summary results
The injured (left) limb potentials vary to a greater extent between sessions whilst the right limb potentials 
remain stable. The predicted difference was for a more positive medial, lateral and ankle potential on the 
injured limb. True for the lateral and ankle but not for the medial.
E.8 Subject CP
Male 23 years. Motor cycle accident 5 months ago ?tear both medial and lateral collateral ligaments. Medial 
and retropatella pain.
Attended for 2 sessions (12/2/92 and 13/2/92)
Range of Movement (measured in degrees from neutral (knee in extension)
Range Left Knee 
(injured)
Right Knee
Session 1 Session 1
Extension 0 0
Flexion 135 135
Range 135 135
Table E.15 : Subject CP range of movement
Pain : VAS Score = 2.0 at session 1 and 0.0 at session 2
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Oedema : N il of note at either session
Mean DSSP values fin mV) with (Standard deviation') from 600 readings per session
ELECTRODE
COMBINATION
L/R SESSION 1 
12/2/92
SESSION 2 
13/2/92
KNEE L 7.29 (0.85) 13.76 (1.02)
R 3.71 (0.36) 5.92 (0.69)
LATERAL L -8.61 (0.29) -12.53 (0.44)
R -5.64 (0.44) -7.52 (0.32)
MEDIAL L 2.19 (1.03) 3.81 (0.36)
R 0.33 (0.77) -1.48 (0.45)
ANKLE L -2.23 (0.33) 2.35 (0.38)
R -1.79 (0.40) -2.16 (0.63)
Temperature (°C) 20 21
Relative Humidity (%) 51 41
Table E.16 : Subject CP summary results
As previously, the injiuy is chronic in nature and shows no significant clinical signs of abnormality other than 
a mild pain score at session 1. The injured limb (left) potentials are consistently more positive for the knee and 
medial combinations and more negative for the lateral combination. Without detailed knowledge of the injured 
tissues or significant clinical findings, it is not possible to use the injury model to predict the direction of the 
potential shift. The injury model is applicable if the injury was primarily of the lateral aspect of the joint but 
from the data collected it is not possible to confirm the hypothesis.
E.9 Subject LJ
Female 35 years. Left ankle sprain 4 weeks ago following fitness class (aerobics). Anterior and dorsal pain. 
Almost fully recovered.
Attended for 1 session only (12/2/92)
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Range of Movement (measured in degrees from neutral (plantigrade position)
Range Left Ankle 
(injured)
Right Ankle
Session 1 Session 1
Dorsiflexion 20 5
Plantarflexion 70 75
Range 90 80
Table : E .17  : Subject LJ range of movement
Pain: VAS Score = 2.0 at session 1
Oedema : + 1 cm at level of malleoli and +1.5cm at level of navicular tuberosity 
Mean DSSP values (in mV) with (Standard deviation) from 600 readings per session
ELECTRODE
COMBINATION
L/R SESSION 1 
12/2/92
KNEE L 1.33 (0.51)
R 2.64(0.31)
LATERAL L -17.76 (2.48)
R -21.76 (3.03)
MEDIAL L -27.64 (1.24)
R -27.50 (2.10)
ANKLE L -3.28 (0.61)
R -4.97 (0.64)
Temperature (°C) 20
Relative Humidity (%) 54
Table E.18 : Subject LJ summary results
The single session results are not particularly useful other than to provide an electrical snapshot during the late 
recovery phase following injury. The differences between the left and right limbs are not marked. The largest 
difference is for the lateral combination, which is more positive on the left (injured) limb. This is consistent 
with the model but in isolation provides no really useful information.
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F. Environmental Electromagnetic Radiation
The shielded chamber was designed to protect the subject and the instrument against the possible effects of 
electromagnetic interference in the environment. The sources and general behaviour of such fields are outlined 
in this Appendix.
Electromagnetic waves travel as a combination of electric (E) and magnetic (H) fields. An E  field is caused by a 
voltage (potential) difference between two conductors separated in space and is measured in Volts per metre. 
The H field is caused by a current flowing along a conductor and can be measured in Amps per metre or 
alternatively in Gauss (where 1 Gauss = 79.5 Amps/metre). The Tesla is also used by some to indicate the 
strength of an H field where 1 Gauss = 100 microTesla).
EM  radiation sources give rise to both E  and H fields though the relative strengths of each field will vary with 
the particular source. For example, a VDU gives rise to a stronger E  field from the screen and a stronger H field 
from the transformer and the deflection coils at the rear of the unit.
A ll electrical apparatus and communication devices give rise to these fields which permeate the environment. 
Their strength obviously diminishes with distance from the source. Typical fields in the domestic environment 
due to the mains wiring and appliances are in the order of 5-15 V/m for the E  field and 10-100nanoTesla for 
the H field (Williams 1992).
The frequency of the field varies from a few 10’s of Hz (e.g. 50Hz for mains power sources) through the kHz 
range (VDU and television screen emissions, typically around 15kHz) to the higher frequencies from radio and 
communication transmitters (15kHz to lOOOMhz) and radar which usually operates beyond 1000 MHz. The 
wavelength and frequency of EM fields are related inversely such that at 50Hz the wavelength is approximately 
6000km whilst at 30Mhz it is in the order of 10m.
The nature of the field changes with distance from the source. If the distance is less than X/6, it is referred to as 
the near field, whilst at distances greater than X/6, it is known as the far field.
Different instruments are required to measure the strengths of the E  and H fields, and in addition, there does 
not appear to be a consensus as to exactly how environmental EM fields should best he measured (e.g. peak or 
mean field strength). The relationship between field type, field strength and possible interactions with 
biological tissues is also far from clear. The research which has been carried out in this field remains 
controversial and is intimately linked to political, commercial and pressure group bias. The purpose of the 
environmental shielding component of the current project was not to determine the field strengths at the 
university, or to specifically investigate the effects of these fields on the subjects physiological systems. The 
possibility existed that the variation of the differential skin surface potentials from session to session may have
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been related to a variation in the environmental electromagnetic interference levels to which the subject and the 
instrument were exposed. The chamber was constructed in order to provide some effective shielding against the 
frequencies which are thought to have the strongest biological effects.
A  recent report by the International Non-ionising Radiation Committee (INIRC) of the International 
Radiological Protection Association (IPRA) considers the safety levels for domestic, occupational and general 
exposure to EM radiation. The particular levels for safe exposure are not of primary concern in this context.
The significant factor from their report was the identification that the RF frequencies which were thought to be 
most likely to have an effect on biological tissues were in the 100kHz to 300Ghz range (IPRA 1989). If fields at 
these frequencies are those most likely to exert biological effects, then clearly, it is these frequencies which are 
most sensibly screened for the purposes of the current project.
In addition to the 100kHz plus RF waves, several research groups have apparently identified strong biological 
effects from lower frequency EM fields, down to and including power line frequencies at 50 or 60Hz (Charman 
1991, Becker 1989). Shielding from frequencies from the low 10’s of Hz through to the 300Ghz bands would 
be ideal, but in many respects impractical. H ie shielded chamber which was used for this work aimed to offer a 
significant reduction in the field strength throughout as much of this range as possible.
Electromagnetic exposure to frequencies beyond the GHz range is inevitable as it will include the infra red (IR), 
visible and ultra violet (UV) parts of the spectrum. The chamber offered effective shielding against visible light, 
and it was assumed to also offer IR  and U V protection. For subject safety and comfort, a light source had to be 
included in the chamber, and this must emit EM waves. The choice of a low power Halogen bulb in the light 
was considered to be the best choice as the spectrum of emission outside the visible light band is low (personal 
communication RAE Famborough).
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G. A, B and C Series Documents
The documentation used for the A, B and C series tests were based on a common set of forms, examples of 
which are are included in this Appendix.
G .l Information Sheet
Information for Subjects taking part in the trial
This research forms part of the PhD programme of Tim Watson, 
Biomedical Engineering Group, University of Surrey, and is concerned 
with the relationships between the electrical activity present in the skin & 
several routine measures of your body systems (e.g. Heart rate, blood 
pressure).
Prior to the first test session, you will be asked for some personal 
information (age, height, weight & relevant medical history) which will 
be recorded.
During each test, you will be required to rest on a treatment couch for 
approximately 45 minutes, during which time you may read if you wish. 
Several electrodes will be placed on the skin of your legs & readings will 
be collected & stored on a computer.
The computer files will not contain your name or any identifier other 
than a random trial code, known only to the experimenter. Any personal 
information provided will be confidential & will not be released to a third 
party.
During the tests, routine medical measurements will also be taken:
Blood Pressure 
Heart Rate 
Temperature (oral)
Temperature (skin on legs)
Skinfold thickness (arm, shoulder and abdomen)
Electrical resistance of the skin at various sites on the legs
You may withdraw from the trial at any time you wish to do so.
Your total committment to the research is to attend for an agreed 
number of sessions (at least 3) over a three week period, each session 
lasting for approximately one hour.
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G.2 Consent Form
The Measurement of Electrical Activity from the Skin 
Tim Watson. Biomedical Engineering Group 
University of Surrey
I agree to take part in the trial which has been explained to me.
I understand that the information collected will be stored on a 
computer and no personal identification will be possible from that 
data.
I understand that the information will remain confidential to the 
researchers at all times.
I understand that I can withdraw from the trial at any time. 
Signed:
Name (please print):
Date:
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G.3 Assessment Sheets
AGE: TRIAL CODE:
SEX:
OCCUPATION:
Do you suffer from any ongoing medical condition for which you have in the past, 
or are currently receiving treatment or medication? (e.g. asthma, diabetes)
YES/NO
If YES, record brief details:
Do you smoke? YES/NO
Please state how many you smoke each day........
Do you drink alcoholYES/NO
Please state how much you drink on average a week ........
Have you experienced any injury to either leg in the last 6 months (e.g fracture, 
muscle tear, ligament damage)
YES/NO
If YES please give as many details as you can remember (approximate date, type 
of injury, ?X Ray, ?treated at the time, ?currently being treated)
Do you regularly take part in any sport/exercise?
If YES please give details:
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ASSESSMENT ON INITIAL VISIT
Trial Code:..............  Date of Initial Assessment:
Age: .......  Sex: .......
Height (m i:.......  Weight (kg): .......
Skinfold Thickness Measurements:
(all measurements to be taken from the RIGHT side)
Site Test 1 (mm) Test 2 (mm) Test 3 (mm) Mean (mm)
Biceps
Triceps
Scapular
Abdominal
Total Skinfold Thickness (4 sites) 
Calculated Body Density 
Lean Body Mass (% Fat)
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G.4 Lean Body Mass Calculation data
Skinfold Thickness & %  Body Fat (after D urn in & Wormerslev 1974)
Skinfold Sites (Male & Female)
a) Biceps (anterior, midway ant axilla & antecubital fossa)
b) Triceps (midway acromion process & olecranon process)
c) Subscapular (diagonal fold below scapular spine, down & medial)
d) Suprailiac (diagonal fold above iliac crest, 2-3 cm medial to ASIS)
Technique points:
- dry skin, subject relaxed
- RIGHT side of the body
- gently lift skinfold away with thumb & finger
- calipers perpendicular to fold
- read 1-2 seconds after full release of grip
- minimum 2 readings - take average
Linear regression equations for skinfold thickness & % body fat
BODY DENSITY = C - M Logic Sum Skinfold Thickness
where Sum Skinfold Thickness = sum all 4 mean site values and C & M are constants 
which vary with AGE & SEX
MALE
Age 17-19 20 -29 30-39 40-49 50+
C 1.1620 1.1631 1.1422 1.1620 1.1715
M 0.0630 0.0632 0.0544 0.0700 0.0779
FEMALE
Age 17-19 20-29 30-39 40 -49 50 +
C 1.1549 1.1599 1.1423 1.1333 1.1339
M 0.0678 0.0717 0.0632 0.0612 0.0645
Fat %  = (4.951 - 4.5 x 100 
BD
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G.5 Detailed Test Protocol sheet
GENERAL FORMAT
• Machine on at least 15 min prior to subject testing
• Subject relaxing in test area though not in test chamber 15 min prior to test start.
• Subject into test chamber, physiological testing and electrodes attached
• 20 minutes stabilisation period in test chamber
• 20 minutes testing
• 5 minutes final testing and electrode removal Total time: approximately 1 hour
INITIAL 15 MINUTE REST PERIOD
Time from entry to 
test room (min)
•Subject into test area at specified time (±30 minutes) 0
•Subject changes into shorts
•Check and Record -  when last eaten and content
-  previous activity last 1 hour (complete scale 0 -5 )
- any change to initial assessment status, especially injury.
•Record BLOOD PRESSURE and HEART RATE with subject seated 5
SUBJECT INTO TEST CHAMBER 15
• Note chamber TEMPERATURE and RELA TIVE HUM IDITY
• Attach skin temperature probes at 2 sites each limb
• Measure and record SKIN RESISTANCE at electrode sites
• Attach surface electrodes at knee and ankle sites
• Record SKIN TEMPERATURE (suprapatellar and anterior ankles)
• Record CORE TEMPERATURE, HEART RATE and BLOOD PRESSURE 25
• Check chamber TEMPERATURE and RELA TIVE HUMIDITY
• Measure BLOOD PRESSURE and HEART RATE 30
• Start recording from skin electrodes 35
TEST SEQUENCE:
=> 5 minutes KNEES
=> 5 minutes M EDIAL 40
=> 5 minutes LATERAL 45
=> 5 minutes ANKLES 50
Note HEART RATE at end of each 5 minute test
•Record chamber TEMPERATURE and RELA TIVE HUM IDITY
• Record SKIN TEMPERATURE and BLOOD PRESSURE 55
• Remove electrodes and other probes
• Assess subject experience (any problems), check next attendance time and date 60
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G.6 Injured Subject Assessment Procures
Injured subjects were assessed at the initial and appropriate subsequent attandances using a standardised 
measurement protocol. The tests adopted were those in current clinical use, the intention being to enable 
comparison between the DSSP measurements made and currently collected information. The four clinical 
procedures were for pain, range of movement, oedema and muscle function. Subjective assessment notes were 
made at the time of testing as these form an important part of clinical assessment.
The measurement of pain using a Visual Analogue Scale (VAS) is a standard clinical technique which had 
been previously validated. The line is 10cm long with vertical end markers. The statements at either end are 
standard. Subjects were unable to see their previous pain scores on reassessment. The pain level indicated was 
that experienced at the time rather than the average over the last hour or day. (Wells et al 1988)
The range of movement assessment was for the active, pain free range and a Pleurimeter (PGS, La Conversion, 
Switzerland) was used after the findings of Hall (1992) who identified this as the most accurate clinical 
goniometer. The measurements were made in a standard way such that for knee measurements, the subject was 
seated over the edge of the plinth and the inclinometer axis was placed at the level of the tibial tuberosity. The 
start point was taken as 90° and full active flexion and extension were recorded. Extension beyond zero degrees 
was denoted with a negative symbol (i.e. -5 represents 5 degrees of hyperextension). For the ankle 
measurements, the subject was seated over the edge of the plinth, and the plantigrade position (ankle at 90°) 
was taken as the neutral position. Movement into dorsiflexion and plantarflexion were recorded from the start 
position therefore both the range and the comparative position of the range were recorded. Inversion and 
eversion were assessed subjectively, comparing the left and right limb movements (e.g. left inversion =  50%  
right inversion). This test was also performed with the subject sitting over the edge of the plinth.
Oedema was measured by circumferential measurements in the absence of immersion equipment. The 
technique validated by Cheah et al (1989) was adopted for the ankle/foot oedema and modified for use with 
knee oedema measurements. The individual circimference measures were recorded on a chart and volumetric 
calculations could be made from this data if required. The same tape measure was used for all subjects. The 
tape applied tension was such that it was firm but not producing an indentation of the skin.
Measurement of muscle function was represented by a single measure -  Maximum Voluntary Contraction 
recorded with a Hand Held Dynamometer (Penny and Giles Biometrics Ltd, Blackwood, Gwent). The 
instrument records the maximal force generated on active resisted movement. The eccentric breaking force was 
applied whenever possible but this test was found to be of limited value with several injured subjects as pain 
predominated and the full test could not be conducted. If this was the case then appropriate notes were made on 
the test record.
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G.7 Injured Subject Assessment Sheet
Subject: Session : Date:
Range of Left Right
Movement Knee Flexion
Extension
Ankle D/Flexion
P/Flexion
Foot Inversion
Eversion
Oedema Left Right
Knee 9cm proximal
6cm proximal
3cm proximal
Joint Line
3cm distal
6cm distal
Ankle/Foot Tibial tuberosity
Max calf
Malleolar
MT heads
Leg length
Foot length
Muscle
Function
(MVC)
Left Right
Knee Extension
Knee Flexion
Dorsiflexion
Plantarflexion
Inversion
Eversion
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G.8 Copies of Ethical Committee Permission
The permission to complete the subject testing for the preliminary experimental work was covered by an 
application made by D Wood in January 1991 to the University Ethics Committee Reference 
ACE/90/12/M ECH.
The A  Series tests conducted at the University were covered by a separated Ethical Committee application in 
view of the additional test procedures involved (physiological tests). This application was supported in 
November 1992 Reference ACE/92/13/M ECH, a copy of which is included in this appendix.
The B Series tests were covered by the same agreement as the test procedure was identical except for the 
location (at the West London Institute). In addition to the University agreement, permission was granted from 
the Head of Department (Mrs B Wakeman-Reynolds and the Chairman of the Departmental Ethics Committee, 
Prof. T  MacDonald.
The C Series tests, which took place in the clinical environment required a further application to the University 
committee, which was granted in July 1993 (Ref: ACE/93/12/MechEng). This was further supported by a 
separate local Health Authority eithics committee application, also granted in July 1993. Copies of both letters 
of approval and included in this appendix.
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G.8.1 Copy of the letter supporting the A and B Series tests
Department of Mechanical Engineering University of Surrey
Dear Mr Watson
Bioelectric Correlates of Musculoskeletal injury and Repair fcomm4ttee Reference ACE/92/13/Mech Enel
I am writing to advise you that the Advisory Committee on Ethics 
has considered your research protocol and approved it on the 
understanding that the Ethics Guidelines are observed and that 
the protocol is amended to reflect the fact that body temperatures are taken orally.
The letter of approval relates only to the study specified in 
your research protocol (reference ACE/92/13/Mech Eng). The 
Committee should be notified of any changes to the proposal, any 
adverse reactions and if the study is terminated earlier than 
expected (with reasons). The Committee should also be advised 
if the study is repeated using another group of volunteers.
I enclose two copies of the Guidelines for your use herewith. 
Yours sincerely
University 
o f Surrey
Mr Tim Watson 4 November 1992
Sarah Kitchen (Miss)
Administrative Officer
Secretary, Advisory Committee on Ethics The Registry 
University o f  Surrey 
Guildford 
Surrey GU2 5XH 
England
Enc
cc: Dr D Ewins - Mechanical Engineering
Professor R C Johnson - Physics
Telephone: (0483) 300800 
Fax: (0483) 300803 
Telex: 859331
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G.8.2 Copies of the letters from University and local health authority supporting the C 
Series tests at Ashford Hospital.
Department o f  Mechanical Engineering
Dear Mr Watson «
Bioelectric Correlates o f  Musculoskeletal Injury and Repair (ACE/93/12/MechEng)
I am writing to advise you that the Advisory Committee on Ethics has considered your 
research protocol and approved it on the understanding that the Ethics Guidelines are 
observed.
In considering your protocol, members have raised the following points:
i) the protocol should be amended to clearly indicate that there will be close 
collaboration between the investigator and the Consultant responsible for the subjects. 
It shoi^i also be made clear that the Consultants will advise on which subjects are 
suitable for inclusion in the study;
ii) appendices 3 and 5 should be revised to indicate that the subjects are injured;
iii) members are concerned that subjects must have access to a medically qualified person 
throughout the duration o f  the study.
Ethical approval is conditional upon these points being acted upon and you are asked to 
provide the Committee Secretary with a copy o f  the revised protocol.
This letter o f  approval relates only to the study specified in your research protocol 
(reference: ACE/93/12/MechEng). The Committee should be notified o f  any changes to the 
proposal, any adverse reactions and if  the study is terminated earlier than expected (with 
reasons). I enclose two copies o f  the Ethics Guidelines for your information.
Yours sincerely
15 July 1993
Mr T  Watson
University 
of Surrey
Sarah Kitchen (Miss) 
Administrative Officer
The Registry 
University o f  Surrey 
Guildford 
Surrey GU2 5XH 
England
Telephone: (0483) 300800 
Fax: (0483) 300803 
Telex: 859331
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EALING# HAMMERSMITH & HOUNSLOW HEALTH AUTHORITY 
ST BERNARDS HOSPITAL 
OXBRIDGE ROAD 
SOUTHALL
MIDDLESEX UB1 3EO
Mr. T. Watson 
Senior Lecturer 
West London Institute 
Lancaster House 
Borough Road 
Isleworth Middlesex TW7 5DU
Dear Mr. Watson,
Re: Bioelectric correlates of musculoskeletal injury and repair
Further to your recent submission to the District Ethics 
Committee regarding the above trial I am pleased to advise that 
approval has been given for your study to take place subject to the following conditions:
1. A brief report of the project (say 1-2 sides of A4 paper) should be submitted to the Ethics Committee at the end of the 
project or annually in the case of an ongoing study.
2. Should you leave your current post before the research is 
completed, the Ethics Committee will need to be advised of 
whether the project is to continue and the name of the researcher 
who will be responsible for the project in future. If a project 
is discontinued some written information on progress to date 
should be deposited with the Secretary of the Committee to be 
kept on file.
Yours sincerely,
Telephone: 081-967-5661 
Fax: 081-574-3619
19th July 1993
Page G.12
Appendix H
H. Comparison of the Cardionics and Tunturi Heart Rate Monitors
A series of 9 comparative tests were conducted in which the heart rate was simultaneously recorded with two 
different instruments. The Cardionics Heart Rate Monitor was used in its standard configuration with two chest 
electrodes attached via an elastic chest strap. The Tunturi TPM-400 sensor clip, which was designed for use as 
an ear clip was tested at two anatomical locations. Firstly, it was used as a standard ear clip (to right ear lobe) 
and alternatively, it was used to the pulp of the right little toe, which was the proposed method for the subject 
tests.
The tests involved recording the heart rate from the two monitors simultaneously, with two operators, one 
monitoring each meter independently. The subjects were volunteers who were aware of the purpose of the tests 
but were unable to see the output from either meter.
A timer was used which gave a signal at 10 second intervals over a 2 minute test period. On hearing the signal 
each operator noted the pulse rate showing on the meter at that moment.
Of the 9 tests, 4 involved the use of the Tunturi meter to the ear and 5 to the little toe. The results are shown in 
Tables H. 1 and H.2 below.
Time (sec) C T c T C T C T
10 65 66 65 65 57 59 58 61
20 65 66 67 67 58 58 58 59
30 63 65 66 69 59 59 59 59
40 62 65 64 68 59 59 60 61
50 65 68 68 70 61 61 64 64
60 65 69 70 71 59 60 63 64
70 66 68 68 70 59 61 61 63
80 66 69 64 67 61 61 60 61
90 65 67 71 70 57 60 60 61
100 66 70 69 70 61 61 60 60
110 65 69 68 70 60 60 59 60
120 64 67 69 70 59 60 60 60
MEAN 64.75 67.42 ■Xy:-: 67.42 68.92 59.17 59.92 60.17 61.08
SD 1.22 1.68 2.27 1.78 1.40 1.00 1.80 1.73
Table H. 1 : Results of Cardionics and Tunturi Pulse meter tests (Tunturi to Ear) 
(where C = Cardionics meter and T = Tunturi meter to right ear)
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Time
(sec)
C T C T C T C T c T
10 69 72 63 68 69 73 59 59 58 61
20 60 64 61 65 70 73 57 58 i 60 61
30 62 61 63 65 68 70 58 58 67 64
40 62 61 63 66 65 67 58 59 58 61
50 64 64 64 68 68 69 56 60 ii 66 65
60 63 65 66 69 71 71 60 61 60 62
70 63 65 71 71 68 76 60 61 61 61
80 70 69 67 71 68 75 60 61 § 60 61
90 64 66 66 70 69 74 63 62 60 60
100 64 65 70 71 70 75 62 63 60 60
110 60 65 68 70 69 82 59 61 62 62
120 65 67 69 71 65 74 58 61 63 63
■
MEANlI 63.83 65.33 65.92 68.75 68.33 73.25 59.17 60.33 61.25 61.75
SD 1 3.07 3.06 3.18 2.34 1.83 3.86 1.99 1.56 2.83 1.54
Table H.2 : Results of Cardionics and Tunturi Pulse meter tests (Tunturi to Toe)
(where C = Cardionics meter and T = Tunturi meter to right little toe)
Computation of the Pearson Correlation Coefficient (r) for the results gives a very highly significant result in 
both instances. The correlation between the Cardionics and Tunturi meters when the Tunturi is attached to the 
Ear (i.e. the standard mode) is 0.989. The coefficient when the Tunturi is attached to the Toe (as per the 
experimentation) is also 0.989. Scattergrams representing the correlation between the two instrument readings 
are shown in Charts H. 1 and H.2.
80
« 75 
S
i -
*-
E
CL
f  6513
<g
t:<0
® 60 
55 
50
5
■
■
i
■
■
■
i
■ ■ •
■ ■
■
■
■ ■ ■
■
O 55 60 65 70 75 80 85 
Heart Rate (bpm) Cardionics Meter
Chart H. 1 : Scattergram of Cardionics and Tunturi (to ear) data
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Chart H.2 : Scattergram of Cardionics and Tunturi (to toe) data
Statistically, there is a significant difference between the heart rate as measured by the two devices. The 
Tunturi meter nearly always provides a higher reading (wherever it is attached). By using Linear Regression 
analysis, it is possible to predict the amount by which the heart rate measurement will differ between the two 
meters. The regression equation (calculated with no constant (i.e. the line must pass through zero) averages 
1.03, such that the Tunturi meter will give a heart rate reading of 1.03 times greater than the Cardionics meter. 
This regression equation was very similar for all tests with a small deviation (0.01). The difference between the 
meters is small and constant.
Although the correlation coefficients for both the Tunturi vs. the Cardionics tests were highly significant, the 
monitors did on occasions give quite different readings. There are a number of possible explanations for this. 
Firstly, the two meters could actually provide a different reading for the heart rate. This was unlikely due to the
if
very close overall relationship between the two sets of readings. Secondly, the necessary use of two operators to 
conduct the test could have led to an experimental error in that when the tinier signal sounded, the operators 
noted what they thought was the readout at the time. This links with the third factor which concerns the 
comparison of an analogue meter (Cardionics) with a digital meter (Tunturi). Both meters give a display which 
is related to a mean pulse interval between the preceding 6 or 8 pulses. The averaging mechanisms for each 
meter are different and therefore under some circumstances, it is possible that a different displayed output was 
correctly noted by the observer. The Cardionics meter needle position fluctuated much more than the Tunturi 
digital readout and the analogue device was therefore more sensitive to minor fluctuations in heart rate. A rapid 
succession of, for example 3 pulses in a ‘burst’ would be seen on the Cardionics meter as a brief but marked
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needle swing to a higher rate. The Tunturi device was less sensitive to this type of fluctuation, and the ‘brief 
burst’ phenomena was less often observed. The disparity between the reading in a few instances may therefore 
be on occasions when these ‘bursts’ occurred. The general strength of the relationship between the two readings 
over the 9 tests overcomes the few occasions when there is a discrepancy between the readings. A  combination 
of experimental error, operator error and difference in meter design is likely to be responsible.
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I. A Series Results
The summary chart for each subject includes the physiological and environmental data collected during the 
tests. The Skin resistance readings were not included as they were often out of range and insufficient data was 
collected for it to be used in the analysis. The heart rate is that which was recorded at the end of each test. The 
systolic and diastolic blood pressures (BP Systolic and BP Diastolic) were taken from the BP reading made at 
the time closest to the test. For the knee and medial readings, this was the last BP measurement during the 
chamber rest phase. For the lateral and ankle readings, this was the BP taken immediately following the 
electrode tests. The skin temperature for the knee and medial readings is an average of the left and right 
suprapatellar temperatures immediately prior to the tests. The lateral skin temperature is the mean of the 
suprapatellar temperature immediately following the electrode tests. The ankle temperature is the mean of the 
left and right ankle temperatures taken immediately following the electrode tests. The room temperature and 
humidity were recorded at the end of each electrode test though on some occasions, did not vary. The 
barometric pressure was recorded once only at each test session.
1.1 Subject A l
Male, 29 years old. Right handed. Lecturer
No relevant medical history or recent injury
Non smoker, alcohol 1-2 units/week
Plays squash 1-2  times/week
Height: 179cm Weight: 70.1kg
Skinfold total: 40.0cm Body Density: 1.0618 % F a t: 16 .17 %
6 test sessions over 11  days (Left data from Session 6 void due to lead fault)
Subject A l experienced an injury between Sessions 2 and 3 whilst playing squash.
Suffered a (L) knee abrasion and (R) knee abrasion plus a direct blow.
No knee instability or effusion was identified on examination.
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DATE Mean
Left
(mV)
Mean
Right
(mV)
Heart
Rate
(bpm)
BP
Systolic
(mm/Hg)
BP
Diastolic
(mm/Hg)
Skin
Temp
Room
Temp
(°C)
Humidity
(%)
Baro.
Pressure
(millibar)
KNEE
16 Nov -2.228 0.099 73 129 77 27.9 20 57 993
18 Nov -1.342 -1 .10 7 70 120 74 28.7 21 54 999
20 Nov 11.805 -3.070 78 114 69 29.2 20 41 1021
23 Nov -6.691 -2.706 74 129 77 30.3 22 51 1014
24 Nov 9.241 6.007 83 126 73 31.0 22 51 1014
27 Nov 12.077 65 119 72 28.3 20 49 1019
: 1 1 :£:§ -lyV'”-.
MEDIAL
16 Nov -16.363 -16 .2 15 67 129 77 27.9 20 57 993
18 Nov -14.607 1.2 17 71 120 74 28.7 21 54 999
20 Nov -5.035 -8.898 77 114 69 29.2 20 41 1021
23 Nov -11.79 4 10.277 77 129 77 30.3 22 51 1014
24 Nov -0.751 1.986 85 126 73 31.0 22 51 1014
27 Nov 9.888 66 119 72 28.3 20 49 1019
' ' ' •: ' : ’ • '7 ; i n
LATERAL
16 Nov -20.230 -25.610 73 127 70 27.9 20 57 993
18 Nov -17.697 -19.863 70 120 74 28.7 21 58 999
20 Nov -16.773 -7.940 74 123 79 29.2 21 42 1021
23 Nov -11.54 4 -9.540 76 126 64 30.3 23 54 1014
24 Nov -10.865 -3.522 86 126 73 31.0 23 57 1014
27 Nov -5.821 71 124 73 28.3 20 52 1019
l l i l l l i l l i iP it i l l ! 1 1
ANKLE
16 Nov -0.046 -6.949 74 127 70 28.7 20 57 993
18 Nov 2.154 -0.568 71 120 74 3 1.1 21 58 999
20 Nov -1.268 -0.583 75 123 79 30.7 21 42 1021
23 Nov 2.307 4.946 77 126 64 32.3 23 54 1014
24 Nov 0.758 2.462 77 126 73 32.6 23 57 1014
27 Nov -2.961 63 124 73 30.4 20 52 1019
| ■ n m mmmm
Table 1.1 : Summary results Subject A l
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Test Session
— •— RKNEE 
—*— R MEDIAL 
-♦— RANKLE 
— *— R LATERAL
Test Session
— •— L KNEE 
— L MEDIAL 
-♦-L ANKLE 
— *^L LATERAL
Electrode Combination
Chart 1.1 : Subject A l - Summary Results
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The injury between sessions 2 and 3 was fortuitous in that it offered the opportunity to observe the changes 
against two sessions of background data. The mean potentials for the left and right limbs are shown in Chart 
1.2 and are separated for clarity.
Electrode Combination
Electrode Combination
— a — 3
—♦— 6
Chart 1.2 : Subject A l mean potentials separated for left and right limbs
The left limb knee and medial potentials lie outside the ‘normal’ pattern whilst the right limb potentials are less 
tightly grouped with only the ankle potentials showing any real sign of grouping.
The difference in left limb knee potentials on sessions 3 (1 day post injury) and 5 (5 days post injury) appears to 
be quite marked. On all other test sessions, the potentials are very similar. It is interesting that the Left knee 
shows the larger deviation whereas the subject reported that the Right knee was the more traumatised.
The implication of the results for Subject A l are considered in Chapter 8.
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1.2 Subject A2
Female, 26 years old. Right handed. Research Student
No relevant medical history or recent injury
Non smoker, No alcohol
Exercise - 2 mile walk 4 x per week
Height: 178cm Weight: 70.0kg
Skinfold total: 53.0cm Body Density : 1.036 % F a t: 27.68%
6 test sessions over 22 days (Left data from Session 4 void due to lead fault. All data from Session 2 is 
unreliable due to battery failure followed by failue of backup).
DATE Mean
Left
(mV)
Mean
Right
(mV)
Heart 
Rate 
_ (bpm)
BP
Systolic
(mm/Hg)
BP
Diastolic
(mm/Hg)
Skin
Temp
(°C)
Room
Temp
r c j
Humidity
(%)
Baro.
Pressure
(millibar)
KNEE
19 Nov -1.056 -1.493 74 122 68 28.2 21 48 10 15
23 Nov 78 125 64 29.0 22 51 1014
26 Nov 2.669 -14.839 71 122 73 27.8 21 37 1016
30 Nov -2.158 81 122 69 28.7 22 55 1004
3 Dec 1.805 -0.385 75 113 71 28.3 21 43 989
10 Dec 2.028 -1 .5 5 1 80 114 68 29.3 24 33 1030
:..........
MEDIAL
19 Nov -27.346 -23.551 80 122 68 28.2 21 48 10 15
23 Nov 79 125 64 29.0 22 51 1014
26 Nov -28.031 -43.031 73 122 73 27.8 21 37 1016
30 Nov -25.187 77 122 69 28.7 22 55 1004
3 Dec -34.150 -34.633 72 113 71 28.3 21 45 989
10 Dec -23.349 -28.026 79 114 68 29.3 24 35 1030
LATERAL
19 Nov -27.679 -13.998 81 125 59 28.2 21 48 10 15
23 Nov 85 116 57 29.0 22 51 1014
26 Nov -31.707 -24.586 74 1 17 67 27.8 21 37 1016
30 Nov -20.948 76 130 69 28.7 22 60 1004
3 Dec -34.958 -3 4 .117 74 113 68 28.3 21 45 989
10 Dec -23.801 -22.976 74 113 62 29.3 24 35 1030
•
ANKLE
19 Nov 1.257 11 .19 3 75 125 59 27.7 21 48 10 15
23 Nov 76 116 57 30.7 22 51 1014
26 Nov 1.009 3.335 74 117 67 28.2 21 37 1016
30 Nov 2.098 77 130 69 29.8 22 60 1004
3 Dec 0.627 2.496 74 113 68 28.2 21 46 989
10 Dec -0.162 1.669 77 113 62 28.7 24 36 1030
Table 1.2 : Summary results Subject A2
Page 1.5
Appendix I
The overall profile presented by Subject A2 (Chart 1.3) is very similar to those from the pilot studies. The right 
limb knee and medial potentials seem to lie outside the main pattern on Session 3 though this can not be related 
to differences in the factors recorded. The symmetry of the profiles is marked although the left and right 
profiles are clearly different. The common variation between knee with medial and lateral with ankle can bee 
seen especially for the right limb.
Page 1.6
Appendix I
Electrode Com bination
Test Session
— R K N E E  
- « - R  MEDIAL 
“ ♦ — R A N K LE  
—A —  R  LA TE R A L
Te s t Session
Chart 1.3 : Summary Results Subject A2
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1.3 Subject A4
Male, 26 years old. Right handed. Research Student
No relevant medical history or recent injury
Non smoker, Alcohol - few units/week
Exercise - Circuit training x2/week Weight training x2/week
Height: 178cm Weight: 76.4 kg
Skinfold total: 32.9cm Body Density : 1.067 % F a t: 13.82%
6 test sessions over 18 days (Left data from Session 3 void due to lead fault).
DATE Mean
Left
(mV)
Mean
Right
(mV)
Heart
Rate
(bpm)
BP
Systolic
(mm/Hg)
BP
Diastolic
(mm/Hg)
Skin
Temp
(°C)
Room
Temp
(°C)
Humidity
(%)
Baro.
Pressure
(millibar)
KNEE
24 Nov -0.972 2.384 57 28.1 21 47 1014
26 Nov -4.072 -1.735 59 28.6 20 49 1016
1 Dec -2.423 56 28.2 18 50 1010
3 Dec -1.048 4.997 77 126 76 28.3 21 48 989
8 Dec 2.806 -10.649 55 126 78 28.9 22 39 1015
10 Dec -2 .122 9.203 73 129 82 28.8 21 35 1030
. ..... . . .
MEDIAL
24 Nov -17.488 -7.136 53 28.1 21 47 1014
26 Nov -17.322 -19.925 54 28.6 20 47 1016
1 Dec -24.504 55 28.2 18 50 1010
3 Dec -27.926 -19.548 62 126 76 28.3 21 50 989
8 Dec -14.571 -23.671 59 126 78 28.9 21 41 10 15
10 Dec -29.584 -15.438 56 129 82 28.8 22 37 1030
iiiiiiililiiii:
LATERAL
24 Nov -18 .156 -14.563 54 28.1 21 47 1014
26 Nov -30.710 -28.275 55 28.6 21 52 1016
1 Dec -35.017 59 28.2 18 54 1010
3 Dec -29.109 -34.597 69 120 83 28.3 21 51 989
8 Dec -27.302 -25.399 58 126 79 28.9 22 42 10 15
10 Dec -33.448 -38.392 54 132 82 28.8 22 38 1030
M l M i M ; ....  . _
ANKLE
24 Nov -0.591 -4.481 50 29.9 21 47 1014
26 Nov -14.798 -10.365 55 28.0 21 52 1016
1 Dec -6.820 57 28.3 18 54 1010
3 Dec 0.398 -11.080 63 120 83 29.0 21 51 989
8 Dec -3.640 -10 .213 52 126 79 28.7 22 43 10 15
10 Dec -2.808 -9.861 58 132 82 29.2 22 38 1030
Table 1.3 : Summary results Subject A4
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The ‘normal’ pattern seen in the results from Subject A2 is repeated here. As previously, there are some 
deviations which require investigation (e.g. Right medial potential Session 1) but the general result supports the 
pilot and Subject A2 data.
Electrode Combination
R KNEE 
R MEDIAL 
R ANKLE 
LATERAL
Test Session
Test Session
— L KNEE 
— L MEDIAL 
-•-L ANKLE 
—A— L LATERAL
Chart 1.4 : Summary Results Subject A4
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1.4 Subject A5
Male, 24 years old. Right handed. Research Student
Medical history - mild colitis (non acute). No recent injury
Non smoker, Alcohol - few units/week
Exercise - Gym workout x2/week
Height: 178cm Weight: 60.0 kg
Skinfold total: 19.4cm Body Density : 1.082 % F a t: 7 .6 1%
6 test sessions over 22 days
All Left data void session 2 - lead fault
Left knee and lateral data void session 5 - bad electrodes
DATE Mean
Left
(mV)
Mean
Right
(mV)
Heart
Rate
(bPm )
BP
Systolic
(mm/Hg)
BP
Diastolic
(mm/Hg)
Skin
Temp
_J!C)
Room
Temp
(°C)
Humidity
(%)
Baro.
Pressure
(millibar)
KNEE
26 Nov -6.221 -0.397 73 123 51 28.6 21 42 1016
1 Dec 8.346 62 106 58 28.1 21 50 1010
8 Dec 4.319 2.240 76 1 1 2 64 28.6 23 37 10 15
10 Dec 2.814 0.830 64 107 54 29.7 23 36 1030
15  Dec 1.203 68 108 64 30.9 24 38 1010
17  Dec 13.632 3.947 57 112 64 29.6 23 33 10 17
.................. M W >
MEDIAL
26 Nov -25.444 -25.544 75 123 51 28.6 21 42 1016
1 Dec -15.492 59 106 58 28.1 21 50 1010
8 Dec -20.290 -24.657 76 1 1 2 64 28.6 23 37 1015
10 Dec -11.79 6 -20.930 66 107 54 29.7 23 36 1030
15  Dec -17.662 -20.792 67 108 64 30.9 24 38 1010
17  Dec -12 .14 3 -28.350 58 11 2 64 29.6 23 35 10 17
_______ |
LA TERAL
26 Nov -31.463 -27.589 77 131 63 28.6 21 42 1016
1 Dec -15.921 59 103 56 28.1 21 50 1010
8 Dec -29.783 -24.189 76 1 1 2 59 28.6 23 38 1015
10 Dec -10.701 -21.274 63 110 70 29.7 23 37 1030
15  Dec -18 .7 17 66 108 65 30.9 24 37 1010
17  Dec -25.690 -29.953 59 116 67 29.6 23 35 10 17
;:; ........
ANKLE
26 Nov 1.536 0.137 80 131 63 29.1 21 42 1016
1 Dec 8.638 61 103 56 30.1 21 50 1010
8 Dec -0.329 3.941 78 1 1 2 59 30.0 23 38 1015
10 Dec 5.095 2.356 63 110 70 30.8 23 37 1030
15  Dec 0.031 4.424 72 108 65 31.6 24 37 1010
17  Dec 3.799 4.129 67 116 67 29.9 23 35 10 17
Table 1.4 : Summary results Subject A5
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Test Session
—♦ — L KNEE 
- ■ - L  MEDIAL 
- ♦ — L ANKLE 
—Ar— L LATERAL
Test Session
—♦ — R KNEE 
- * ~ R  MEDIAL 
- • — RANKLE 
—A—R LATERAL
Chart 1.5 : Summary Results Subject A5
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Subject A5 data fits well with the general pattern with no obvious outliers. The lateral data is the most variable, 
but the mean potentials from each electrode combination are well grouped.
1.5 Subject A6
Female, 24 years old. Right handed. Research Student 
No relevant medical history or recent injury 
Non smoker, Alcohol -  3 units/week 
Exercise -  Aerobics/Gym workout x2/week
Height: 176.5cm W eight: 78.3 kg
Skinfold total; 71.4cm  Body Density : 1.027 % F a t : 3 2 .0 %
5 test sessions over 18 days
A ll Left data void session 1 -  lead fault
DATE Mean Mean Heart BP BP Skin Room Baro.
Left Right Rate Systolic Diastolic Temp Temp Humidity Pressure
(m V ) _ _  ( m V ) ___ (bpm) (mm/Hg) (mm/Hg) (°C) ( "C ; (%) (millibar)
KNEE
30 Nov 7.151 76 29.5 22 58 1004
7 Dec -9.933 32.726 76 29.0 23 50 990
10 Dec -18.485 -7.105 73 29.1 22 33 1030
14 Dec -4.297 25.878 85 135 88 29.2 22 45 10 17
17  Dec 2.985 9.662 69 131 80 3 1.1 25 37 10 17
*
MEDIAL
30 Nov -4.212 77 29.5 22 58 1004
7 Dec -16.671 -2.027 78 29.0 23 50 990
10 Dec -20.855 -2.530 70 29.1 22 36 1030
14 Dec -24.853 -14 .710 83 135 88 29.2 23 46 10 17
17  Dec -22.420 -19.570 69 131 80 3 1.1 25 37 10 17
| *
LATERAL
30 Nov -11.584 76 29.5 22 60 1004
7 Dec 10.338 -28.428 73 29.4 23 50 990
10 Dec -0.990 -1 .3 12 73 29.1 23 37 1030
14 Dec -17.464 -38.353 83 139 86 29.2 23 46 10 17
17  Dec -22.187 -22.293 70 137 84 3 1.1 25 37 10 17
ANKLE
30 Nov 4.620 77 29.4 22 60 1004
7 Dec 6.598 3.924 73 29.8 23 50 990
10 Dec 1.9 15 -2.420 70 29.9 23 38 1030
14 Dec 0.204 0.212 80 139 86 30.5 23 47 10 17
17  Dec 6.718 9.252 64 137 84 29.3 25 37 10 17
1
Table 1.5 : Summary results Subject A6
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Electrode Combination
Test Session
Chart 1.6 : Summary Results Subject A6
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The variability of the mean potentials from Subject A6 is the largest of those seen in this series. The knee and 
the lateral potentials in particular are spread over a greater range than for the other subjects. There does not 
appear to be an obvious explanation based on the physiological, environmental or anthropological data 
collected. The subject did present with the highest %Fat score for all the subjects (at 32%) which is markedly 
higher than the mean %Fat at almost 17 % . The other female subject in the series (A2) also had a relatively 
high %Fat score (at almost 28%), with none of the variability in mean potential signal shown in this case. The 
subjects weight is actually identical to that of the next subject (A7), and again, he shows non of the variability 
seen here. It is possible that the combination of the subjects age, sex, height, weight and %Fat scores may act to 
influence the mean potential, but the results of a stepwise multiple linear regression do not support a consistent 
relationship between the variables (see Section 8.8). Tests were conducted on days when other subjects were 
tested, and at a time which was similar to that of other subjects. It is unlikely therefore that a strong 
environmental influence is responsible. Additionally, the temperature and humidity on the test occasions was 
not significantly different from those experienced by others in the test series.
It is possible that the variation from day to day may have been related to the menstrual cycle, details of which 
were not collected.
The profile for the right limb potentials over the test series shows a remarkable mirrored pattern with the knee 
and lateral potentials behaving in a similar, but polarity reversed way. This was not seen for any other subject 
in the A  Series. The ankle and medial potentials show a similar pattern but it is less marked. The usual 
relationship for the common variation was for the knee potential to vary with the medial and the ankle to vary 
with the lateral. The correlation analysis (Section 8.8) fails to demonstrate any significant relationships. On 
checking back through the experimental records made at the time of the tests, no obvious differences existed 
between conditions at these tests and the others in the series. Subject A6 results are considered in more detail in 
Section 8.3.
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1.6 Subject A7
Male, 26 years old. Right handed (but some activities left dominant). Research Student 
Medical history - Migrane (occasional)
Several minor recent injuries (sport). Not relevant to this study 
Non smoker, No alcohol
Exercise - 2 Hours daily, 7 days/week include Aerobics, Gym workout, Karate
Height: 186.7cm Weight: 78.3 kg
Skinfold total: 22.07cm Body Density : 1.078 % F a t: 9 .18%
6 test sessions over 16 days (All Left data void session 1 - lead fault)
DATE Mean Mean Heart BP BP Skin Room Baro.
Left Right Rate Systolic Diastolic Temp Temp Humidity Pressure
(mV) (mV) ..(bpm) (mm/Hg) (mm/Hg) . (19) re ) _  (%) _ _ (millibar)
KNEE
2 Dec 2.467 76 121 77 29.4 21 62 981
4 Dec -13.341 12.194 69 121 80 28.8 19 42 983
11 Dec -4.486 1.678 74 122 76 29.6 23 39 1023
14 Dec -2.212 -2.813 72 124 77 29.6 22 45 1017
16 Dec 5.566 1.147 79 130 72 31.5 24 45 1011
18 Dec 9.231 -9.127 71 118 76 30.2 24 42 1000
i i i i l i i l i i i i II
MEDIAL
2 Dec -11.619 71 121 77 29.4 21 62 981
4 Dec -21.949 -4.306 65 121 80 28.8 19 42 983
11 Dec -24.216 -17.856 75 122 76 29.6 23 40 1023
14 Dec -24.785 -19.562 72 124 77 29.6 22 45 1017
16 Dec -16.805 -13.761 73 130 72 31.5 24 46 1011
18 Dec -16.856 -25.644 66 118 76 30.2 24 44 1000
LATERAL
2 Dec -14.809 77 121 77 29.4 21 62 981
4 Dec -20.223 -19.385 68 118 77 28.6 19 48 983
11 Dec -23.807 -24.055 77 109 75 30.0 23 38 1023
14 Dec -26.222 -21.568 69 127 81 29.6 22 46 1017
16 Dec -19.961 -13.825 66 126 67 31.5 24 46 1011
18 Dec -26.283 -21.253 77 126 76 30.2 24 45 1000
ANKLE
2 Dec 2.156 65 121 77 29.4 21 62 981
4 Dec -1.225 -1.318 68 118 77 27.8 19 48 983
11 Dec -7.259 -6.679 73 109 75 30.6 23 39 1023
14 Dec -2.777 -3.592 68 127 81 29.5 22 47 1017
16 Dec -0.957 2.229 71 126 67 31.6 24 47 1011
18 Dec 0.224 -6.176 67 126 76 30.5 24 45 1000
Table 1.6 : Summary results Subject A7
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Electrode Combination
►-LKNEE  
»— L MEDIAL 
► -L ANKLE 
- A - L  LATERAL
Test Session
—♦ — R KNEE 
—■ — R MEDIAL 
- • — RANKLE 
- A - R  LATERAL
Test Session
Chart 1.7 : Summary results Subject A7
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The mean potentials from Subject A7 appear to follow the ‘normal’ pattern. The medial and lateral potentials 
were not quite as large (negative) as those for some other subjects, hence the plot has a flatter appearance.
1.7 Subject A8
Male, 22 years old. Right handed. Research Student 
No relevant Medical history or recent injury.
Non smoker, Alcohol 6 units/week
Exercise - 20-30 Hours weekly, includes Aerobics, Weight training, Karate, cycling
Height: 177.8cm Weight: 65.0 kg
Skinfold total: 28.03cm Body Density : 1.072 % F a t: 11.9 %
5 test sessions over 14 days (All data valid)
DATE Mean
Left
(mV)
Mean
Right
(mV)
Heart
Rate
(bpm)
BP
Systolic
(mm/Hg)
BP
Diastolic
(mm/Hg)
Skin
Temp
(°C)
Room
Temp
(°C)
Humidity
(%)
Baro.
Pressure
(millibar)
KNEE
3 Dec -7.018 0.911 66 118 71 29.6 21 47 989
8 Dec -2.652 -0.965 64 117 82 30.0 22 38 1015
10 Dec -2.132 -0.389 70 125 72 28.7 23 35 1030
15 Dec -10.503 -3.217 75 123 72 30.5 24 38 1010
17 Dec -6.548 0.238 78 133 77 27.8 23 31 1014
'
MEDIAL
3 Dec -20.322 -18.286 71 118 71 29.6 21 49 989
8 Dec -25.380 -27.497 60 117 82 30.0 22 38 1015
10 Dec -27.741 -26.758 65 125 72 28.7 23 36 1030
15 Dec -20.310 -29.241 70 123 72 30.5 24 39 1010
17 Dec -37.766 -28.931 78 133 77 27.8 23 33 1014
LATERAL
3 Dec -21.511 -23.249 68 128 76 28.3 21 50 989
8 Dec -26.785 -24.950 65 116 78 28.4 22 39 1015
10 Dec -42.149 -41.530 62 122 83 28.6 23 37 1030
15 Dec -27.646 -27.627 75 120 72 30.9 24 39 1010
17 Dec -33.730 -38.155 81 132 72 28.5 23 35 1014
I S i i i l g : ..
ANKLE
3 Dec -8.832 -6.064 66 128 76 29.0 21 51 989
8 Dec -3.352 1.617 60 116 78 28.3 22 40 1015
10 Dec -8.857 -7.542 67 122 83 28.6 23 37 1030
15 Dec -3.966 -7.721 74 120 72 30.9 24 39 1010
17 Dec -3.802 -8.969 80 132 72 28.5 23 35 1014
Table 1.7 : Summary results Subject A8
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Electrode Combination
Test Session
— L KNEE 
—■— L MEDIAL 
- • — L ANKLE 
—A— L LATERAL
| -20
£  -30 - -
Test Session
Chart 1.8 : Subject A8 -  Summary Results
Appendix I
With the exception of the left medial potential and the right ankle potential on session 5, the mean potentials 
are well grouped. The experimental and assessment records do not offer an explanation as to why these 
particular potentials deviate from an otherwise steady pattern. Their variation is not large, and when the 
standard deviations of the whole range are considered, they are not sufficiently outside the typical range to 
cause a problem.
1.8 A Series Retest Results
The A Series retests (February 1993) are discussed in Chapter 8. The mean potentials, environmental and 
physiological data collected from these tests is shown for each subject.
Subject Al
Retest
Session
Mean Left 
(mV)
Mean Right 
(mV)
Heart 
Rate 
(bn in)
BP
Systolic
(mm/Hg)
BP
Diastolic
(mm/Hg)
Skin
Temp
r a
Room
Temp
(°C)
Humidity
(%)
Bar
Press
(millib
KNEE
1 -4.23 (0.24) 1.70 (0.78) 72 118 71 30.0 22 49 103
2 4.22(1.05) 9.42 (0.63) 66 125 82 29.7 22 39 102
3 11.11(0.38) 13.20 (0.57) 66 111 72 32.3 22 41 102
'............ :
MEDIAL
1 -0.73(1.31) 2.80(1.38) 70 118 71 30.0 22 50 102
2 -15.59 (0.62) -17.07 (1.31) 65 125 82 29.7 22 42 102
3 0.23(1.10) 0.78(1.78) 65 111 72 32.3 23 4110
\
LATERAL
1 2.76 (0.58) -0.40 (0.67) 67 126 77 30.0 22 50 102
2 -23.45 (0.54) -22.78 (0.77) 67 125 82 29.8 22 43 102
3 -9.51 (0.30) -5.71 (0.61) 67 119 79 32.5 23 41 102
1 * * 1
ANKLE
1 -1.21 (0.27) -1.20 (0.27) 67 126 77 30.0 22 52 102
2 -1.45 (0.46) 9.43 (0.99) 71 125 82 30.7 22 46 102
3 -1.08 (0.33) 7.08 (0.50) 69 119 79 32.4 23 42 102
' . • •/ V’’
Table 1.8 : Subject A l summary retest results
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Subject A2
Retest
Session
Mean Left 
(mV)
Mean Right 
(mV)
Heart
Rate
(bpm)
BP
Systolic
(mm/Hg)
BP
Diastolic
(mm/Hg)
Skin
Temp
CQ
Room
Temp
CQ
Humidity
(%)
Bar
Press
(millib
KNEE
1 -1.50 (0.34) -0.45 (0.22) 81 112 70 29.4 24 43 101
2 -0.60 (0.23) -2.76(0.19) 84 123 66 28.3 20 30 101
* 1
MEDIAL
1 -25.76(1.18) -22.37(1.44) 77 112 70 29.4 24 46
2 -32.78 (0.83) -31.31 (1.62) 88 123 66 28.3 20 31
i •: ■ . : ■..... . "" "■ I!®!!®-!/
LATERAL
1 -26.10(2.16) -17.02(1.53) 74 108 68 29.5 24 47
2 . -22.10(2.36) -13.03 (0.62) 81 116 67 28.4 20 32
.................
ANKLE
1 -0.05 (0.78) 8.57 (0.63) 74 108 68 30.4 24 48
2 7.19(1.31) 16.65(1.14) 85 116 67 27.0 20 32
iit t i i  ^  i \ |
Table 1.9 : Subject A2 summary retest results
Subject A5
Retest
Session
Mean Left 
(mV)
Mean Right 
(mV)
Heart
Rate
(bpm)
BP
Systolic
(mm/Hg)
BP
Diastolic
(mm/Hg)
Skin
Temp
CQ
Room
Temp
CQ
Humidity
( % )
Bar
Press
(millib
KNEE
1 4.46 (0.04) 6.10(0.15) 61 103 62 27.5 21 40 100
2 5 M  (0 .1 8 ) 19.65 (0.54) 65 99 56 28.4 20 33 101
■
•
MEDIAL
1 -20.61 (0.36) -21.04(0.49) 68 103 62 27.5 21 41 100
2 -22.37 (0.44) -7.63 (0.51) 67 99 56 28.4 20 33 101
* ........ 1 .....
LATERAL
1 -26.08 (0.62) -20.85 (0.76) 60 104 60 27.6 21 41 100
2 -22.84 (0.44) -20.17(0.28) 64 101 60 28.7 20 33 101
* ......
ANKLE
1 2.05 (0.41) 10.48 (0.79) 65 104 60 28.4 21 41 100
2 4.85 (0.46) 9.89 (0.99) 63 101 60 29.7 20 34 101
| 7.7:'4:7:'
Table 1.10 : Subject A5 summary retest results
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Subject A7
Retest
Session
Mean Left 
(mV)
Mean Right 
(mV)
Heart
Rate
(bpm)
BP
Systolic
(mm/Hg)
BP
Diastolic
(mm/Hg)
Skin
Temp
(°C)
Room
Temp
r a
Humidity
( % )
Baro
Pressu
(millib
KNEE
1 -3.77 (0.26) 3.92 (0.19) 65 117 76 30.1 20 40 1008
2 -6.44 (036) 3.30 (0.24) 92 117 76 30.9 21 34 1008
. •V.V. V.V.V.V.V.V.V.V.V.*.V •
MEDIAL
1 -20.13(1.70) -17.09 (3.64) 63 117 76 30.1 20 41 1008
2 -33 78 (3 05) -23.99(1.37) 78 117 76 30.9 21 35 108
' 11111111
LATERAL
1 -25.20(1.53) -22.37(1.0) 90 122 76 29.2 20 42 1008
2 -25.54 (2.98) -31.67(1.75)
"  ' 1 ' ........
69 114 78 30.3 21 35 1008
x^xxxxxxxxxxxxxxx:;
ANKLE
1 -7.56 (0.82) 1.21 (1.11) 76 122 76 28.2 20 43 1008
2 -3.88(1.32) -6.78(1.07) 70 114 78 29.5 21 35 1008
1 |
m .
Table 1 .1 1 :  Subject A7 summary retest results
Subject A8
Retest
Session
Mean Left 
(mV)
Mean Right 
(mV)
Heart
Rate
(bpm)
BP
Systolic
(mm/Hg)
BP
Diastolic
(mm/Hg)
Skin
Temp
r a
Room
Temp
r o
Humidity
( % )
Bar
Press
(millib
KNEE
1 -5.38 (0.54) -4.26 (0.78) 66 127 70 29.1 19 45 103
2 0.26 (2.22) 1.63(1.38) 71 135 59 28.5 21 44 102
i l l l l l l l l l l l l m m i
MEDIAL
1 -30.20(1.51) -20.62(1.45) 66 127 70 29.1 20 49 103
2 -29.22 (0.53) -25.30(1.24) 67 135 59 28.5 21 44 102
1
■ ........ "
. . . . .  . .
LATERAL
1 -27.10(3.17) -21.18(1.99) 67 127 70 28.6 20 50 103
2 -29.76 (0.74) -20.89(1.09) 69 134 65 28.2 21 44 102
.
ANKLE
1 -0.30(1.09) -4.08 (1.09) 68 127 70 28.8 20 51 103
2 -7.841 (0.58) -3.68 (0.76) 70 134 65 30.7 21 44 102
Table 1.12 : Subject A8 summary retest results
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J. Non Injured Subject Stress Tests
Two ‘mock’ IQ tests were developed for use in the stress tests (both A and B Series). They were based on 
standard IQ type questions though some of the problems had no solution. The tests are reproduced below.
J.l Mental Agility Test 1
The following are examples from the proposed schools test for GCSE students. Please 
complete as frilly as possible.
a) Starting from 91, count backwards in 7's to zero. Write the sequence in the space 
provided. Do NOT go beyond zero into negative numbers.
b) Solve the following anagrams which all concern COLOUR
BINDASHO 
NAROOM 
FUFB 
LONEM 
PINDIGS
KCLAB
NOGDEL
RETLASC
NYAC
YDDUR
LORAC
HAIKK
CACHURT
GODINN
NILIMREVO
3) Combine an alphabetic and a numeric lists such that the alphabet is in reverse order 
and the numbers between are multiple of 9, ascending (e.g. Z 9 Y  18 X  )
4) Solve the following anagrams which are all concerned with TRANSPORT.
GHELIS
TRESOOC
MOLERRLEAST
SUPNIDGE
DAESN
YELLSHOD
GLESDE
TRAMEES
GHECACOAST WILMOBESON
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J.2 Mental Agility Test 2
The following are examples from the proposed schools test for GCSE students. Please 
complete as fully as possible.
1) There are 5 differences between the two pictures below. Mark them on the lower one.
Page J.2
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2) Complete the following number sequences using the spaces provided.
13 20 14 22 17 26 ______________
705 517 423 376 282
3) Make as many 4 letter words as possible from "SERENDIPITY"
4) Starting from the arrow, proceed through the maze, completing the empty boxes as 
you proceed. Some boxes require symbols whilst others require numbers. One one entry 
is required for each marked box.
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K. B Series Results 
K .l Subject Summary Results
The results of the B Series tests involving injured and non injured subjects were discussed in Chapter 8. The 
summary test results, charts and relevant comments are included for all subjects in this Appendix. The clinical 
assessment measures for injured subjects are also included. For each subject, the potential profile is discussed 
and three charts are presented. The first shows all mean potentials from all sessions in order to gain an 
impression of the overall profile and is always presented on a +/- 50mV scale to enable comparisons between 
subjects. The second and third charts show separated left and right limb mean potentials to enable any 
differences to be more clearly identified. The scaling of these latter charts varies with the magnitude of the 
potentials. Where appropriate an additional pair of charts presenting the DSSP profiles against a time base to 
illustrate the variation of the potentials with progressive sessions.
Subject B 1
Status : (R) Hamstring injury 2/12 ago. Now resolving. Training resumed but still experiences
some discomfort, hence, still partial loading.
Sessions : 5 sessions over 28 days PLUS 1 stress session
Results :
KNEE Mean
HR
Pre test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID1 7.69 0.31 4.03 0.60 1 63.5 110 67 25.9 26.3 28.7 26.5 19 37 36.1 10082 11.11 0.31 5.65 0.15 5 56.7 105 71 28.4 27.9 31.3 29.5 21 39 36.0 1008
3 8.13 0.20 10.82 0.31 4 62.0 105 56 28.7 28.3 32.2 30.6 23 55 36.3 1011
4 0.05 0.22 5.15 0.28 2 61.8 110 70 30.3 29.2 32.3 31.2 21 49 36.1 1018
5 6.21 0.25 3.64 0.29 2 58.0 106 68 25.8 26.6 31.9 31.0 21 51 36.1 1008
MEDIAL Mean
HR
Pre test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean R sd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID1 7.78 2.33 5.55 0.92 1 56.8 110 67 25.9 26.3 28.7 26.5 19 37 36.1 10082 12.63 0.38 8.78 1.14 5 55.3 105 71 27.8 27.6 29.7 29.0 21 39 36.0 1008
3 13.62 0.50 9.79 0.52 4 59.5 105 56 28.7 28.3 32.2 30.6 23 54 36.3 1011
4 4.55 1.01 10.53 0.95 2 57.8 110 70 30.3 29.2 32.3 31.2 21 48 36.1 1018
5 14.88 0.71 10.04 0.76 2 51.2 106 68 25.8 26.6 31.9 31.0 21 51 36.1 1008
LATERAL Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID1 -6.45 1.34 -4.09 1.29 1 61.2 104 74 27.0 .26.2 28.9 25.6 19 37 36.1 10082 -2.84 0.29 -0.92 1.40 5 62.2 100 67 27.8 27.6 29.7 29.0 21 39 36.0 10QB
3 1.32 0.69 -3.97 0.36 4 53.7 106 69 28.5 28.1 30.3 29.5 23 54 36.3 1011
4 -10.72 1.71 -3.65 0.85 2 64.7 110 62 31.0 28.7 30.8 29.8 21 48 36.1 1018
5 5.30 0.57 5.10 0.36 2 51.5 114 69 25.2 26.2 30.0 29.2 21 50 36.1 1008
ANKLE Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID1 -6.83 0.52 -39.68 1.56 1 54.0 104 74 27.0 26.2 28.9 25.6 20 36 36.1 10D82 -4.15 1.56 -0.57 1.11 5 60.3 100 67 27.8 27.6 29.7 29.0 21 39 36.0 1008
3 -3.07 0.29 0.25 0.42 4 55.8 106 69 28.5 28.1 30.3 29.5 23 53 36.3 1011
4 -11.50 0.85 -6.10 0.61 2 59.8 110 62 31.0 28.7 30.8 29.8 21 48 36.1 1018
5 -2.70 1.46 3.70 0.42 2 52.8 114 69 25.2 26.2 30.0 29.2 21 50 36.1 1008
Table K 1 : Summary results Subject B1
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The clinical test results indicate a resolving injury, with no difference in knee joint range at any of the sessions 
and no measurable difference in knee circumference. The subject reported a pain score of 0.75 (out of 10.0 
maximum) on the first day, 0.5 on the second day and nothing thereafter. The only significant result was in the 
M VC scores for the quadriceps and hanstrings. The right limb hamstring group showed a reduced in force 
generation, with little improvement over the 5 sessions. The quadriceps strength was less affected but remained 
reduced compared with the unaffected limb. The subject attended an assessment session at the British Olympic 
Medical Centre at Northwick Park Hospital during the test series and obtained a copy of the isokinetic muscle 
test results for both limbs, quadriceps and hamstrings. Both muscle groups were weaker at all velocities tested. 
The peak torque ratio (%) for the hamstrings/quadriceps was typically 10 %  lower for the affected limb which is 
consistent with a recovering muscle trauma. The lesion site was not palpated directly on any of the test 
sessions.
Chart K 1 summarises the mean potentials recorded from Subject B 1 over the 5 test sessions. With the exception 
of the right ankle potential at Session 1, there is a consistent relationship between the potentials from the 
injured (Right) and uninjured limbs. The potential profile is typical of the B Series and the injury appears to 
exert little influence. The right ankle potential at Session 1 appears to be a ‘random fluctuation’ as it is 
inconsistent with all other potentials over the 5 test sessions. It is possible that it is related to the injury, but the 
subjects clinical status does not change significantly over the sessions and this is therefore unlikely.
The results from Subject B1 appear to be broadly similar to those seen in the A Series tests though the overall 
potential profile is rather flatter. It is difficult to directly attribute this general difference, or the more specific 
outlying right ankle potential to the injury some 2 weeks previously or to the monitored physiological and 
environmental variables. The potential profile is not consistent with the changes predicted in the injury model..
The additional Chart (K2) for Subject B l, in which the mean potentials are plotted against the session rather 
than the electrode location is only possible due to the reasonable number of test sessions. It was not realistic to 
produce these plots for most subjects because with only 2 or 3 test sessions, a series of short straight lines is all 
that can be identified.
The most striking thing about the plot for Subject B l is that it is the knee and medial mean potentials which are 
closely related (both by magnitude and variability), and similarly, the lateral and ankle potentials. This 
variation in relationships between mean potentials was not seen in the A Series tests and may be related to the 
injury, though with the effect seen bilaterally, this is unlikely.
Appendix K
Subject B1 -  All mean potentials -  all sessions
Subject B1 -  AH left potentials
Subject B1 -  All right potentials
Chart K1 : Summary results Subject B l
Page K.3
Appendix K
Subject B1 -  Left limb mean potentials by session
Subject B1 - Right limb mean potentials by session
Chart K2 : Separated left/right mean potentials plotted by session
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Subject B2
Status: Non Injured
Sessions : 2 sessions over 14 days
Results:
Subject B2 was only able to attend for 2 sessions with a 2 week interval.
KNEE Mean Pretest SKINTEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean R sd Activity HR BPS BP D LKN RKN LANK RANK TEMP HUMID TEMP BARO1 8.55 0.58 5.95 0.16 3 74.5 124 71 28.1 29.9 33.2 32.5 19 43 36.7 10142 2.94 0.26 5.35 0.47 3 69.8 136 86 29.6 30.2 33.6 33.2 21 37 36.3 1017
MEDIAL Mean Pretest SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BPD LKN RKN LANK RANK TEMP HUMID TEMP BARO
1 -3.23 0.65 -7.98 1.02 3 74.5 124 71 28.1 29.9 33.2 32.5 19 43 36.7 10142 -14.11 1.67 -8.37 1.75 3 70.5 136 86 29.6 30.2 33.6 33.2 21 37 36.3 1017
LATERAL Mean Post test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BPD LKN RKN LANK RANK TEMP HUMID TEMP BARO1 -19.50 2.51 -14.67 2.21 3 74.5 129 83 27.4 26.7 32.4 28.8 19 43 36.7 1014
2 -17.22 1.48 -11.78 1.16 3 74.8 133 79 28.6 29.1 33.1 32.4 21 37 36.3 1017
ANKLE Mean Post test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BPD LKN RKN LANK RANK TEMP HUMID TEMP BARO
1 -4.10 1.56 3.64 0.31 3 74.5 129 83 27.4 26.7 32.4 28.8 19 43 36.7 10142 0.04 0.50 1.68 1.12 3 73.2 133 79 28.6 29.1 33.1 32.4 21 37 36.3 1017
Table K2 : Summary results Subject B2
Chart K3 shows a flat version of the typical A  Series results, and is similar to that from Subject B l. The right 
limb potentials are very consistent in their variation.
Appendix K
Electrode Combination
Subject B2 - All mean potentials -  All sessions
Subject B2 - All left potentials
Subject B2 - All right potentials
Chart K3 : Summary results Subject B2
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Subject B3
Status : Non injured (but previous histoiy of treatment for osteoporosis and T6 stress fracture)
Sessions : 3 sessions over 14 days.
Results:
KNEE Mean
HR
Pretest SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID1 -1.08 0.27 -2.47 0.30 2 65.8 117 71 30.3 29.3 31.4 30.6 22 37 36.4 10062 -0.79 1.12 -5.88 0.94 2 61.0 108 64 30.3 28.8 32.3 32.5 22 47 36.5 1010
3 5.71 0.35 1.11 0.68 3 64.4 119 69 28.6 28.4 31.6 31.6 22 36 36.2 1008
MEDIAL Mean Pre test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BP D LKN RKN LANK RANK TEMP HUMID TEMP BARO
1 -12.22 1.95 -9.73 0.77 2 67.8 117 71 30.3 29.3 31.4 30.6 22 36 36.4 1006
2 -11.68 0.60 -13.06 1.32 2 61.7 108 64 30.3 28.8 32.3 32.5 22 47 36.5 1010
3 -14.90 0.96 -15.73 0.38 3 62.3 119 69 28.6 28.4 31.6 31.6 22 36 36.2 1008
LATERAL Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -25.54 3.19 -14.73 1.26 2 70.2 115 68 30.3 29.0 30.7 29.6 22 36 36.4 1006
2 -19.57 0.27 -8.18 0.16 2 61.5 114 74 29.5 27.9 30.3 30.6 22 48 36.5 1010
3 -27.20 1.04 -24.36 0.84 3 62.7 114 72 28.8 28.0 30.3 30.4 22 36 36.2 1008
ANKLE Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -9.40 0.48 -4.64 0.73 2 69.7 115 68 30.3 29.0 30.7 29.6 23 36 36.4 1006
2 -5.51 0.19 1.33 0.37 2 62.3 114 74 29.5 27.9 30.3 30.6 22 48 36.5 1010
3 -3.76 0.74 -9.16 0.49 3 63.8 114 72 28.8 28.0 30.3 30.4 23 36 36.2 1008
Table K3 : Summary results Subject B3
The three test sessions with Subject B3 were at weekly intervals and gave an overall picture that was similar to 
those seen in the A  Series tests, but as with both Subjects B l and B2, the overall profile (Chart K4) is flatter 
than for the typical A  Series. The mean potentials are tightly grouped, with less variability from the left limb 
signals.
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Subject B3 -  Al! mean potentials - All sessions
Subject B3 -  All left potentials
Subject B3 -  A l right potentials
Chart K4 : Summary results Subject B3
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Subject B4
Status : Non injured BUT old (R) ankle injury 1 year ago - recurred between Sessions 1 and 2
Sessions : 4 sessions over 21 days
Results:
KNEE Mean
HR
Pne test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID1 9.14 0.22 2.17 0.22 1 59.5 105 65 28.5 28.1 29.8 29.7 21 37 36.0 10082 -3.75 0.51 19.82 0.51 1 58.7 101 62 27.6 27.3 28.8 28.9 23 45 36.4 1011
3 9.18 0.20 10.95 0.31 1 60.5 106 60 27.2 26.2 29.6 30.1 21 36 35.5 1008
4 15.10 0.39 3.34 0.3B 1 57.3 104 67 29.5 28.7 31.9 32.7 23 48 36.1 1018
MEDIAL Mean
HR
Pretest SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID1 -9.37 1.34 -13.69 0.69 1 59.3 105 65 28.5 28.1 29.8 29.7 21 37 36.0 1008
2 -22,71 0.16 -7.35 0.45 1 56.3 101 62 27.6 27.3 28.8 28.9 23 45 36.4 1011
3 -2.13 0.24 1.91 0.44 1 60.0 106 60 27.2 26.2 29.6 30.1 21 36 35.5 1008
4 -11.45 1.66 -8.91 0.95 1 58.2 104 67 29.5 28.7 31.9 32.7 23 48 36.1 1018
LATERAL Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID
1 -20.92 0.74 -15.10 0.67 1 60.6 103 66 26.3 27.2 28.7 29.1 22 37 36.0 1008
2 -23.21 1.12 -26.35 1.17 1 57.0 92 59 28.9 27.5 29.1 28.7 23 45 36.4 1011
3 -10.31 0.44 -16.63 0.47 1 60.8 92 57 26.8 25.6 28.7 29.2 21 36 35.5 1008
4 -38.37 6.73 -20.20 7.51 1 60.7 101 61 29.1 28.1 32.0 32.2 23 48 36.1 1018
ANKLE Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID
1 -4.74 4.75 -5.32 1.00 1 63.0 103 66 26.3 27.2 28.7 29.1 22 36 36.0 1008
2 -3.50 0.28 1.37 0.20 1 58.8 92 59 28.9 27.5 29.1 28.7 23 45 36.4 1011
3 0.65 0.26 -8.25 0.41 1 62.8 92 57 26.8 25.6 28.7 29.2 21 36 35.5 1008
4 -4.00 0.76 -2.88 0.91 1 58.0 101 61 29.1 28.1 32.0 32.2 23 48 36,1 1018
Table K4 : Summary results Subject B4
Subject B4, although nominally non injured did experience a recurrance of an old right ankle injury following 
Session 1. Clinically, this was not marked and by the time the subject attended for Session 2 (4 days later) there 
were no external signs of the injury (oedema or altered range). The ankle potentials are the most consistent of 
the 4 electrode combinations for both the left and right limbs. The overall profile (Chart K5) is less compact 
than for tbe previous subjects. The DSSP changes predicted by the injury model are not seen.
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Subject B4 -  All left potentials
Subject B4 -  All right potentials
Chart K5 : Summary results Subject B4
Page K. 10
Appendix K
Subject B5
Status : Non injured BUT strenuous activity 1 day before session 3 with the subject
reporting (L) knee locking problems.
Sessions : 4 sessions over 3 months
Results:
KNEE Mean
HR
Pre test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 3.00 0.18 5.74 0.26 1 67.3 117 71 28.6 29.2 31.2 31.5 21 39 36.3 1009
2 0.03 0.36 6.01 0.19 1 69.0 110 72 28.6 28.0 29.8 30.6 21 48 36.3 1011
3 23.27 2.92 -1.05 0.38 2 60.8 115 73 29.3 29.0 30.6 30.1 21 40 36.4 1030
4 1.61 0.19 4.09 0.14 2 80.0 124 67 29.8 30.5 31.2 31.6 23 48 36.4 1014
MEDIAL Mean
HR
Pre test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -6.22 0.43 -8.10 0.76 1 65.2 117 71 28.6 29.2 31.2 31.5 21 39 36.3 1009
2 -23.45 0.54 -25.86 0.64 1 69.2 110 72 28.6 28.0 29.8 30.6 21 48 36.3 1011
3 -50.83 3.39 -29.24 0.75 2 63.2 115 73 29.3 29.0 30.6 30.1 21 40 36.4 1030
4 -27.49 1.59 -27.50 1.32 2 77,5 124 67 29.8 30.5 31.2 31.6 23 49 36.4 1014
LATERAL Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -15.57 2.14 -20.21 2.02 1 64.3 112 73 27.3 27.2 29.4 29.8 21 40 36.3 1009
2 -35.20 0.50 -41.14 0.50 1 62.5 132 51 28.7 27.9 28.7 29.5 21 49 36.3 1011
3 -92.15 5.53 -37.72 1.24 2 61.8 122 65 28.1 28.4 28.6 28.2 21 40 36.4 1030
4 -29.01 1.86 -33.36 1.45 2 75.3 122 75 31.2 29.9 32.3 31.9 23 49 36.4 1014
ANKLE Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -7.20 0.61 -6.97 0.89 1 63.3 112 73 27.3 27.2 29.4 29.8 21 40 36.3 1009
2 -10.11 0.82 -10.55 1.69 1 63.3 132 51 28.7 27.9 28.7 29.5 21 49 36.3 1011
3 52.01 6.82 -6.34 1.42 2 58.3 122 65 28.1 28.4 28.6 28.2 21 40 36.4 1030
4 -6.47 0.26 -6.14 0.38 2 85.3 122 75 31.2 29.9 32,3 31.9 23 49 36.4 1014
Table K5 : Summaiy results Subject B5
The profile of the mean potentials from Subject B5 (Chart K6) are in keeping with those from other subjects in 
the series with the exception of the left limb potentials at Session 3 which are different from the other left limb, 
and from all the right limb potentials. The subject had reported a strenuous exercise training session the 
previous day which was stopped prematurely due to a pain in the left knee and difficulty in achieving a full 
knee extension. At the time of the test, no abnormal signs were noted (swelling, pain or altered range) and full 
extension was possible. The potentials recorded from the left limb at Session 3 covered a much larger range, 
such that the instrument gain was altered in order to measure them. By Session 4 (1  week later), the potentials 
from the left limb had returned to their ‘normal’ magnitude.The potentials from the right limb appeared to be 
unaffected by the large scale disturbance of the left limb potentials at Session 3.
The disturbance in the mean potentials from the injured limb 24 hours after the ‘injury’ are quite marked, and 
although the disturbace is widespread, and not confined to the knee potentials, the overall difference is in 
keeping with the general hypothesis that follwoing injury, there would be a difference between the left and right 
limb potential profiles.
With no evidence to identify the traumatised tissues (there was no specific pain or discomfort focus), it difficult 
to apply the theoretical injury model. However, assuming that the model is applicable (in principle), one can
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work backwards to suggest which tissue may be showing signs of injury. The increased negativity for the 
medial and lateral potentials would be expected from a general knee injury. This is because the medial and 
lateral potentials describe the ankle electrical activity in relation to the knee. The traumatised tissue is expected 
to become more positive, which is reflected in the increased negativity of the two longitudinal potentials. The 
more traumatised aspect of the knee is expected to be more positive than the non traumatised region. With the 
knee electrodes arranged so that the medial electrode connects to the inverting amplifier input, the measured 
potential describes the lateral knee potential relative to the medial aspect of the knee. The knee potential at 
Session 3 is more positive than on other occasions, thus either the lateral aspect of the joint has become more 
positive, or the medial aspect has become more negative. Assuming the basic premis of the model is tenable, 
the increased positive potential at the knee suggests a lateral knee compartment injury.
One further link with the theory model lies in the difference between the medial and lateral potentials. With a 
lateral knee injury, although both the medial and lateral potentials could be affected, the lateral potential would 
be expected to demonstrate the greater change - which can be seen in Chart K6. The injury model does not 
predict a change in the ankle potential as a result of a knee injury, though given the magnitude of the ankle 
difference compared with earlier and later sessions, it seems possible that distant changes may be possible (not 
unlike the ankle potential difference for Subject B l at Session 1).
Appendix K
Etoctrodo Combination
Subject B5 - A l mean potentials -  AII sessions
Subject B5 - A l left potentials
Subject B5 - A l right potentials
Chart K6 : Summary results Subject B5
Appendix K
Subject B6
Status: Non injured.
Sessions : 4 sessions over 3 months
Results:
KNEE Mean
HR
Pre test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID1 2.88 0.09 2.68 0.40 1 57.2 121 66 27.5 28.3 31.3 31.6 21 43 36.2 10092 3.81 0.57 1.91 0.75 3 47.3 108 66 27.9 29.0 32.0 31.3 22 51 36.5 1011
3 -2.00 0.23 -2.01 0.32 1 57.7 121 80 28.3 29.6 27.0 29.5 21 39 36.2 1030
4 4.69 0.47 2.74 0.48 2 64.0 121 77 29.3 29.6 30.9 32.1 24 50 36.3 1014
MEDIAL Mean
HR
Pre test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID1 -8.06 1.74 -4.54 2.03 1 58.2 121 68 27.5 28.3 31.3 31.6 21 44 36.2 1009
2 -14.42 1.24 -10.61 1.84 3 54.5 108 66 27.9 29.0 32.0 31.3 22 51 36.5 1011
3 -38.78 0.57 -39.07 1.27 1 57.7 121 80 28.3 29.6 27.0 29.6 21 39 36.2 1030
4 -16.32 1.81 -8.58 2,36 2 67.0 121 77 29.3 29.6 30.9 32.1 24 49 36.3 1014
LATERAL Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -10.58 1.61 -6.39 1.55 1 54.0 112 78 27.0 27.3 31.8 31.6 21 44 36.2 1009
2 -12.91 1.31 -12.56 1.72 3 60.2 137 68 27.7 28.1 33.2 32.6 21 51 36.5 1011
3 -38.97 0.86 -35.73 0.63 1 56.8 138 94 27.2 28.6 27.1 29.6 21 39 36.2 1030
4 -27.46 1.15 -20.01 1.40 2 65.2 127 73 29.3 29.3 32.0 32.5 24 49 36.3 1014
ANKLE Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID1 -2.90 0.20 -3.33 0.46 1 52.2 112 78 27.0 27.3 31.8 31.6 21 44 36.2 1009
2 1.58 0.29 -3.55 0.57 3 59.5 137 68 27.7 28.1 33.2 32.6 21 51 36.5 1011
3 -6.04 0.61 -1.92 0.46 1 57.7 138 94 27.2 28.6 27.1 29.6 21 39 36.2 1030
4 -8.65 0.63 -5.95 1.15 2 67.7 127 73 29.3 29.3 32.0 32.5 24 49 36.3 1014
Table K6 : Summary results Subject B6
The potential profile for Subject B6 (Chart K7) is distorted by the large (negative) potentials from the medial 
and lateral electrode combinations on Session 3. They are evident on both the left and right limbs and are of 
approximately equal magnitude. No injury or other change in circumstances was reported at the time and no 
explanation can be identified from the experimental notes and variables monitored at the time of the test.
The long interval between Sessions 2 and 3 was due to student vacation and clinical placement and this may be 
in some way related to the large difference. A  similar interval was experienced by other subjects who did not 
produce this type of result, and the fact that the potentials were largely restored by Session 4 ,1  week later 
suggests that it was more likely to be due to a localised (in time) event which affected both limbs similarly. The 
fundamental difference between the plots for Subject B6 and B5 is that the B6 plot disturbance is seen 
bilaterally, whereas the subject who was known to be injured showed a marked unilateral disturbance in the 
signals.
Appendix K
Subject B6 -  All left potentials
Subject B6 -  All right potentials
Chart K7 : Summary results Subject B6
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Subject B7
Status : Non injured BUT bruises Session 1 (R) upper tibia and (R) medial knee plus (L) upper 1/3 tibia.
Session 2 (L) anterior mid thigh bruise 3/7 old.
Sessions : 3 sessions over 14 days
Results:
KNEE Mean
HR
Pretest SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID
1 -16.30 0.30 4.20 0.25 1 69.8 122 74 29.9 28.5 31.6 29.2 22 41 35.9 1008
2 -18.89 0.12 -20.35 0.38 1 65.7 129 74 29.7 29.6 33.0 32.8 22 42 35.8 1012
3 -18.46 0.26 7.45 0.28 1 70.7 117 89 28.3 26.7 30.8 30.0 21 30 36.2 1028
MEDIAL Mean
HR
Pre test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID
1 -25.67 1.18 -7.45 0.97 1 69.5 122 74 29.9 28.5 31.6 29.2 22 41 35.9 1008
2 -17.82 0.68 -32.76 0.69 1 66.7 129 74 29.7 29.6 33.0 32.8 22 42 35.8 1012
3 -21.83 1.12 -13.27 0.87 1 66.2 117 89 28.3 26.7 30.8 30.0 21 31 36.2 1028
LATERAL Mean Post test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BPD LKN RKN LANK RANK TEMP HUMID TEMP BARO
1 -15.73 0.71 -10.99 1.54 1 70.3 117 88 30.5 28.4 30.9 30.4 22 41 35.9 1008
2 1.37 1.08 -8.33 1.28 1 68.2 124 81 29.0 29.7 32.8 32.3 22 42 35.8 1012
3 -5.54 2.40 -21.13 1.05 1 72.2 115 65 28.0 27.5 29.4 28.6 21 31 36.2 1028
ANKLE Mean Post test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BPD LKN RKN LANK RANK TEMP HUMID TEMP BARO
1 -5.38 0.73 -0.67 0.43 1 76.2 117 88 30.5 28.4 30.9 30.4 22 41 35.9 1008
2 0.57 2.99 4.12 2.75 1 66.0 124 81 29.0 29.7 32.8 32.3 22 41 35.8 1012
3 -1.87 0.89 0.90 0.57 1 68.5 115 65 28.0 27.5 29.4 28.6 21 31 36.2 1028
Table K7 : Summary results Subject B7
Subject B7, although nominally non injured, presented with some bruising at both Sessions 1 and 2 following 
sporting activity (Rugby). The profile of the potentials over the three sessions is less consistent than for other 
subjects in the series with the right knee potentials showing the greatest variation.
The left knee was bruised at Session 1 and traumatised again a few days before Session 2. Neither of these 
injuries appeared to involve significant damage other than to the skin and superficial tissues. Reported pain 
levels were zero, there was no measurable oedema or loss of range. The left knee potentials (Chart K8) are 
larger (more negative) than expected for all 3 sessions and this could be consistent with the reported injuries. 
An increased negative potential suggests that either the medial side of the knee is more positive or the lateral 
side is more negative. The left knee bruising was of the upper tibia and central which could favour changes in 
the electrical activity at one or both sites. The model predicts that the media side was the more significantly 
injured, giving rise to the negative shift in knee potential, but it is not possible to confirm the cause/effect 
relationship between the injury and change in potential.
The right knee area was bruised at the first session but no bruising was noted at later sessions. The right knee 
(and medial) potentials are outside the expected range on Session 2 but not abnormal on Session 1. The right 
side bruising noted at the first session was to the medial knee and upper medial tibia and it is possible therefore 
that the changes recorded in the knee and medial potentials at Session 2 reflect the earlier trauma. The
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expected change in potential based on the model would be for an increased positive potential at the medial side, 
giving rise to a more negative knee potential and also a more negative medial potential (the ankle becoming 
more negative relative to the knee). The observed changes are consistent with the model in terms of the 
electrode combinations affected, and the direction of the change. The fundamental problem is that these 
greatest changes are seen at Session 2, whereas the model predicts the largest change at Session 1. It is possible 
that the shift in potential was either coincidental, or that there was a time lag between the injury and changes in 
potential.
Changes in the mean potential may be most significant during a healing stage other than the immediate post 
truama inflammatory phase. However, with the strong indication from Subject B5 results, demonstrating a 
large change in potential unilaterally on the day following injury, the explanations for the change in potentials 
for Subject B7 are less tenable. On checking the physiological and environmental data collected at all 3 
sessions, there were no outlying values which could be correlated with the changes in potential.
Appendix K
Electrode Combination
Subject B7 - All mean potentials -  All sessions
Subject B7 -  All left potentials
Subject B7 -  All right potentials
Chart K8 : Summary results Subject B7
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Subject B8
Status : Injured. (L) ankle injury with postromedial pain 2/52 ago. No treatment initially
but 1 treatment session between Sessions 1 and 2 (no details available)
Sessions : 3 sessions over 14 days
Results:
KNEE Mean Pre test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BP D LKN RKN LANK RANK TEMP HUMID TEMP BARO1 8.65 0.38 4.22 0.21 3 58.3 128 79 30.0 29.6 32.6 30.7 23 48 36.1 10122 6.37 0.48 -1.24 0.37 2 55.8 114 62 28.9 29.0 32.5 32.0 22 36 35.9 1008
3 5.64 1.08 3.77 0.42 1 63.0 133 74 30.1 30.2 33.1 32.8 23 53 35.8 1018
MEDIAL Mean Pre test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BP D LKN RKN LANK RANK TEMP HUMID TEMP BARO
1 7.98 2.52 5.96 3.30 3 59.2 128 79 30.0 29.6 32.6 30.7 23 47 36.1 1012
2 11.28 0.84 -0.41 1.09 2 57.5 114 62 28.9 29.0 32.5 32.0 22 36 35.9 1008
3 -1.25 1.36 -0.46 0.91 1 67.2 133 74 30.1 30.2 33.1 32.8 23 52 35.8 1018
LATERAL Mean Post test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BP D LKN RKN LANK RANK TEMP HUMID TEMP BARO1 -3.81 1.12 -0.63 1.66 3 69.2 129 69 28.8 27.9 33.2 32.0 23 47 36.1 10122 -6.95 3.62 -5.87 3.19 2 56.5 142 74 28.9 28.1 32.9 31.6 22 37 35.9 1008
3 -11.40 2.90 -6.44 2.88 1 69.3 135 70 29.5 29.3 33.4 32.8 23 52 35.8 1018
ANKLE Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -0.47 1.55 0.29 0.91 3 59.7 129 69 28.8 27.9 33.2 32.0 23 47 36.1 10122 -3.15 0.35 1.43 0.23 2 60.8 142 74 28.9 28.1 32.9 31.6 22 37 35.9 1008
3 -0.91 0.45 -0.14 0.46 1 62.2 135 70 29.5 29.3 33.4 32.8 23 52 35.8 1018
Table K8 : Summary results Subject B8
Subject B8’s injury was at a sub acute stage when first seen. The injury had been 2 weeks previously, with a 
localised postromedial left ankle pain following a track training session. The pain at Session 1 was minimal 
(VAS score 0.1/10) and ankle active movement range was equal left and right. The only significant dysfunction 
appeared to be a loss of approximately 25% of active inversion on the left side. There was no obvious oedema at 
the ankle/foot which was confirmed on serial circumferential measurement. The MVC values (relating to 
muscle strength) are generally lower for the left leg and foot but this could be related to dominant/non 
dominant factors rather than the injury.
On examination prior to Session 2, the reduced inversion range previously noted was not now demonstrable 
though the pain, oedema and MVC values had not changed.
From the Chart (K9) of the mean potentials over the three test sessions, only the medial potentials appear to 
have a greater than usual variation. This is more marked for the left limb though it can also be seen on the 
right. As with other subjects in the series, the overall profile of the potentials is somewhat ‘flatter’ than for the 
A Series subjects with both the medial and the lateral potentials grouping closer to the zero mV band.
Any changes in the potential profile which could be related to the injury and subsequent recovery are not 
convincing. A  left medial ankle injury would be expected to produce an initial negative shift in the ankle
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potential and a positive shift in the medial potential. With recovery, the ankle potential woould progressively 
return towards normal (around zero mV) whilst the medial potential returned to its normally negative band 
comparable to that of the lateral potential.
The separated left/right potentials do not show any marked difference from one another suggesting that either 
the skin potentials are affected bilaterally following a unilateral injury (which is inconsistent with previous 
results) or that any differences that do exist are actually unrelated to the trauma and are in fact related to a 
common variable. None of the physiological or environmental factors monitored appear to vary in a way which 
is consistent with the changes in the skin potentials. The model for changes following injury does not appear to 
be applicable to these results.
Appendix K
Electrode Combination
Subject B8 -  All mean potentials -  All sessions
Subject B8 - All left potentials
Subject B8 -  All right potentials
Chart K9 : Summary results Subject B8
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Subject B9
Status: Non injured
Sessions : 2 sessions over 14 days
Results:
KNEE Mean Pretest SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BP D LKN RKN 1 LANK RANK TEMP HUMID TEMP BARO1 1.49 1.75 2.64 1.43 2 68.5 119 78 28.4 30.6 32.1 30.1 23 46 36.8 10122 -1.08 0.13 -5.47 0.17 1 64.3 101 63 27.3 29.0 I 31.8 32.3 20 48 36.1 1008
MEDIAL Mean Pretest SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BP D LKN RKN LANK RANK TEMP HUMID TEMP BARO
1 -1.31 3.49 3.99 3.28 2 61.0 119 78 28.4 30.6 32.1 30.1 23 46 36.8 10122 5.57 1.16 5.49 0.44 1 62.5 101 63 27.3 29.0 31.B 32.3 20 48 36.1 1008
LATERAL Mean Post test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BP D LKN RKN LANK RANK TEMP HUMID TEMP BARO
1 -11.20 2.54 -7.86 2.53 2 62.5 109 71 28.6 30.5 32.9 32.8 23 45 36.8 1012
2 7.86 0.67 7.05 0.73 1 65.0 101 66 27.0 27.5 30.2 30.1 20 48 36.1 1008
ANKLE Mean Post test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BP O LKN RKN LANK RANK TEMP HUMID TEMP BARO1 -7.40 0.76 -7.65 0.53 2 63.8 109 71 28.6 30.5 32.9 32.8 23 44 36.8 1012
2 -0.52 0.79 -7.37 0.68 1 63.2 101 66 27.0 27.5 30.2 30.1 20 48 36.1 1008
Table K9 : Summary results Subject B9
Subject B9 was able to attend for two test sessions with a 2 week inverval. It had been hoped to include further 
tests but the clinical placement programme prevented this. Although non injured, the subject did have bilateral 
shinsplints which had been present for several years. The problem was not currently being treated and gave rise 
to minimal discomfort at the time of the tests.
The profile of the mean potentials (Chart K10) is in keeping with others in the series. There is little difference 
between the left and right limb mean potentials either in their magnitude or pattern. The lateral potentials from 
both limbs demonstrated an interesting shift from a negative to a positive value between Sessions 1 and 2 
(19mV on the left and 15mV on the right). The physiological and environmental variables monitored offer no 
explanation as to why this may have occured.
With only two sessions attended, it is alomst impossible to make any substantive comments regarding the 
potential profile other than the observation of the very flat profile and the change in lateral potentials between 
Sessions 1 and 2.
Appendix K
Subject B9 - All left potentials
Subject B9 - All right potentials
Chart K10 : Summary results Subject B9
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Subject BIO
Status: Non injured
Sessions ; 6 sessions over 23 days
Results:
KNEE Mean
HR
Pretest SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID
1 0.46 0.28 3.77 0.22 2 72.3 115 71 28.8 27.9 31.4 30.7 21 50 36.4 1000
2 3.28 0.51 32.95 0.13 3 75.3 107 74 27.7 28.9 31.2 30.0 20 38 35.9 1020
3 -5.94 0.37 3.32 0.36 2 78.5 97 65 28.4 27.3 30.9 29.1 20 38 36.5 1019
4 4.12 0.45 -3.55 0,88 2 79.2 101 65 28.4 29.2 31.5 30.1 20 50 35.9 1006
5 4.40 0.19 12,38 0.23 2 71.5 112 71 30.2 29.4 30.9 30.5 20 47 36.4 998
6 -3.08 2.23 -14.81 0.21 2 83.3 103 65 25.8 27.8 30.2 30.3 20 51 35.9 1016
MEDIAL Mean
HR
Pretest SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID
1 -16.57 1.88 -7.90 0.85 2 72.7 115 71 28.8 27.9 31.4 30.7 21 50 36.4 1000
2 -13.74 0.76 -9.45 0.53 3 70.3 107 74 27.7 28.9 31.2 30.0 20 38 35.9 1020
3 -25.55 2.57 -19.81 1.24 2 76.5 97 65 28.4 27.3 30.9 29.1 20 38 36.5 1019
4 -10.44 1.60 -17.82 1.90 2 81.5 101 65 28.4 29.2 31.5 30.1 20 50 35.9 1006
5 -21.52 0.57 -23.90 0.82 2 71.5 112 71 30.2 29.4 30.9 30.5 20 48 36.4 998
6 -22.97 0.95 -30.68 0.82 2 85.2 103 65 25.8 27.8 30.2 30.3 20 51 35.9 1016
LATERAL Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID
1 -18.78 6.91 -15.05 7.48 2 70.0 105 67 28.9 27.3 31.6 29.9 21 50 36.4 1000
2 -19.97 0.89 -45.77 0.86 3 71.7 107 74 25.0 25.6 29.5 28.3 20 38 35.9 1020
3 -17.11 2.66 -28.99 2.68 2 78.8 101 64 27.8 27.6 31.0 27.8 20 38 36.5 1019
4 -10.56 4.09 -13.36 1.74 2 79.7 101 62 26.4 27.1 30.5 28.8 20 50 35.9 1006
5 -27.61 1.26 -33.73 0.57 2 71.7 101 67 28.9 28.0 29.2 28.3 20 48 36.4 998
6 -26.02 1.07 -23.48 1.42 2 83.5 103 69 27.5 27.6 29.1 28.7 20 51 35.9 1016
ANKLE Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID
1 5.43 0.33 2,94 0.67 2 67.5 105 67 28.9 27.3 31.6 29.9 21 50 36.4 1000
2 -1.73 1.15 -1.35 0.69 3 70.7 107 74 25.0 25.6 29.5 28.3 19 38 35.9 1020
3 1.46 1.45 -6.15 1.05 2 76.7 101 64 27.8 27.6 31.0 27.8 20 38 36.5 1019
4 9.34 1.32 4.21 0.62 2 74.7 101 62 26.4 27.1 30.5 28.8 20 50 35.9 1006
5 1.95 2.89 2.73 1.00 2 71.3 101 67 28.9 28.0 29.2 28.3 20 48 36.4 998
6 -1.44 2.41 -4.70 2.01 2 84.7 103 69 27.5 27.6 29.1 28.7 20 51 35.9 1016
Table K10 : Summary results Subject BIO
Subject BIO presents as the one subject whose results are most comparable with those from the A  series. The 
subject was non injured and remained so during the tests. She was of a comprable age to those in the A  series 
and was tested over 6 sessions.
Chart K ll shows the overall profile in addition to the left/right potentials as separate elements. The symmetry 
of the potentials is marked and is in keeping with the results collected previously. The right knee and lateral 
potentials on Session 2 were larger than for the rest of the sessions though no obvious explanation could be 
identified. The subject did not report any injury and the physiological and environmental variables were well 
within normal limits. A  correlation analysis for the mean potentials against 11 physiological and environmental 
factors yielded only 2 results which were significant at p=0.05. Both were for the right knee (against activity 
and also against diastolic blood pressure). This very low incidence is unlikely to have any significant bearing 
on the variations seen. Chart K12 shows the separated mean potential profile by session.
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A  2 way Analysis of Variance was practical for this subject as there were sufficient sessions to make the results 
valid. The ANOVA tests showed that there was no significant difference between the left and right limb mean 
potentials (p=0.82) nor between the mean potentials for all electrode locations on different test sessions 
(p=0.70). The failure of the ANOVA to identify the Session 2 deviations suggests that either the differences are 
too small to be significant or that the test is insufficinetly sensitive to identify the differences.
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Subject B10 - All left potentials
Subject B10 - All right potentials
Chart K 11 : Summary results Subject BIO
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Chart K12 : BIO mean potentials for left (upper plot) and right (lower plot) limbs plotted by session
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Subject B ll
Status : Non injured BUT occasional (L) knee pain. Inconsistent. No treatment
Sessions : 3 sessions over 3 weeks
Results:
KNEE Mean
HR
Pretest SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID1 -1.75 0.87 16.50 0.31 1 70.3 113 73 30.8 29.3 32.5 35.8 22 49 37.0 10002 -3.68 0.36 -1.40 0.27 3 59.5 108 67 29.3 28.8 30.4 31.9 22 38 36,7 1019
3 10.03 0.33 1.58 0.53 3 60.2 112 67 29.4 28.6 31.5 32.0 21 49 36.6 998
MEDIAL Mean
HR
Pretest SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID1 -13.83 0.83 -9.09 0.82 1 64.8 113 73 30.8 29.3 32.5 35.8 22 49 37.0 1000
2 -20.28 0.84 -20.26 1.12 3 61.2 108 67 29.3 28.8 30.4 31.9 22 38 36.7 1019
3 -4.05 1.26 -6.53 0.29 3 62.0 112 67 29.4 28.6 31.5 32.0 21 49 36.6 998
LATERAL Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -15.80 1.01 -34.32 1.02 1 57.8 113 73 29.8 28.6 33.0 32.3 22 48 37.0 1000
2 -16.11 1.06 -22.71 1.13 3 57.3 109 64 29.1 29.1 29.6 31.2 22 38 36.7 1019
3 -18.80 0.86 -14.43 0.73 3 63.8 100 60 28.6 28.4 32.3 31.7 21 49 36.6 998
ANKLE Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -0.44 0.56 -2.90 1.40 1 62.0 113 73 29.8 28.6 33.0 32.3 22 48 37.0 10002 2.82 0.48 -0.02 1.05 3 59.5 109 64 29.1 29.1 29.6 31.2 22 38 36.7 1019
3 28.6B 3.71 -4.92 0.44 3 60.5 100 60 28.6 28.4 32.3 31.7 21 49 36.6 998
Table K11: Summary results Subject B ll
Subject B ll was nominally non injured though she did experience occasional left knee pain after strenuous 
activity. No knee pain was reported at the test sessions. The potential profile (Chart K13) is close to the typical 
B Series profile with the exception of the left ankle potential on Session 3. This was much larger (positive) than 
the left ankle potential on the other sessions or for the right ankle potential on all 3 sessions. No trauma or 
injury had been reported at Session 3 and the physiological and environmental variables were within normal 
limits. The single session variation of one of the mean potentials had occured with previous subjects with no 
clear explanation (e.g. Subject B l, Session 1), and this may be another example of an apparently ‘random’ 
fluctuation in the skin potential.
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Electrode Combination
Subject B11 -  All mean potentials - All sessions
Subject B11 - All left potentials
Subject B11 - All right potentials
Chart K13 : Summary results Subject B l 1
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Subject B12
Status : Non injured BUT occasional chronic (L) medial hindfoot pain over last 6/12
Sessions : 3 sessions over 3 weeks
Results:
KNEE Mean Pretest SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BP D LKN RKN LANK RANK TEMP HUMID TEMP BARO1 7.32 3.13 2.83 1.90 1 65.2 110 70 28.9 28.5 31.5 32.1 23 42 36.3 10012 3.68 1.83 -6.49 1.18 2 63.5 114 63 28.6 28.9 32.8 32.8 23 40 36.0 1019
3 -10.05 3.25 -7.08 1.14 2 61.7 107 76 29.1 29.6 32.7 32.1 23 49 36.1 998
MEDIAL Mean
HR
Pretest SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -5.93 4.17 -6.28 3.90 1 65.2 110 70 28.9 28.5 31.5 32.1 23 42 36.3 1001
2 -19.64 1.98 -23.95 1.73 2 62.2 114 63 28.6 28.9 32.8 32.8 23 40 36.0 1019
3 -21.40 6.76 -27.54 5.14 2 60.0 107 76 29.1 29.6 32.7 32.1 23 49 36.1 998
LATERAL Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -20.78 3.42 -13.68 4.06 f 64.7 109 73 27.8 28.2 31.4 31.5 23 42 36.3 10012 -21.95 1.82 -18.60 0.52 2 64.3 115 74 28.8 29.2 32.2 32.6 23 40 36.0 1019
3 -13.54 3.19 -17.20 1.67 2 59.0 118 72 29.0 28.8 31,8 30.8 23 49 38.1 998
ANKLE Mean Post test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BP D LKN RKN LANK RANK TEMP HUMID TEMP BARO
1 -4.20 0.75 1.26 1,25 1 64.7 109 73 27.8 28.2 31.4 31.5 23 41 36.3 10012 -3.99 0.91 0.54 1.38 2 65.5 115 74 26.8 29.2 32.2 32.6 23 40 36.0 1019
3 -6.72 1.15 -1.80 1.37 2 60.0 118 72 29.0 28.8 31.8 30.8 23 49 36.1 998
Table K12 : Summary results Subject B12
The potential profile (Chart K14) is generally consistent with the pattern for the series with the exception of the 
medial potentials (left and right) on Session 1. The variation is bilateral and is therefore unlikely to be directly 
related to the left foot chronic injury of which the subject complained. The physiological and environmental 
conditions were consistent across all 3 sessions and cannot be related to the large difference in the one potential 
on 1 occasion. With the ‘abnormal’ potential occuring in the first session, it is difficult ot determine whether 
this was the final part of a potential variation that had been going on for some time or whether it was a single 
occurance. The similarity of the potentials on the other days suggestes that it is the Session 1 potential which is 
‘abnormal’ but no explanation can be found for the variation.
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Subject B12 -  All mean potentials -  All sessions
Subject B12  -  All left potentials
Subject B12 -  All right potentials
Chart K14 : Summary results Subject B 12
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Subject B13
Status : Non injured BUT recurrent (L) patella subluxation. Has not subluxed in last
3/12 but irritable especially at Session 1.
Sessions : 3 sessions over 36 days PLUS 1 stress session
Results :
KNEE Mean
HR
Pre test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID1 38.85 1.92 3.82 0.65 1 67.8 106 69 28.5 29.2 29.9 29.6 22 49 36.2 1018
2 6.59 0.43 -2.77 0.59 1 61.8 115 67 29.9 28.7 29.4 29.0 21 54 36.0 1012
3 15.12 1.37 14.82 0.41 1 63.5 115 73 29.1 27.6 30,1 30.6 21 38 36.3 1032
MEDIAL Mean
HR
Pre test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID1 -25.58 3.61 -21.32 4.52 1 64.7 106 69 28.5 29.2 29.9 29.6 22 49 36.2 10182 -27.86 0.84 -13.43 2.58 1 61.7 115 67 29.9 28.7 29.4 29.0 21 54 36.0 1012
3 -19.72 3.23 -11.48 1.13 1 64.0 115 73 29.1 27.6 30.1 30.6 21 38 36.3 1032
LATERAL Mean Post test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BPD LKN RKN LANK RANK TEMP HUMID TEMP BARO
1 -18.30 1.68 -23.66 2.19 1 65.3 132 76 28.4 27.9 29.4 29.2 22 48 36.2 1018
2 -17.19 0.77 -6.73 0.59 1 63.2 107 72 29.2 28.5 28.3 28.1 21 53 36.0 1012
3 -19.74 1.03 -11.98 0.97 1 63.3 121 73 29.1 29.3 28.6 28.9 21 38 36.3 1032
ANKLE Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID
1 7.72 0.24 -1.17 1.21 1 65.0 132 76 28.4 27.9 29.4 29.2 22 48 36.2 1018
2 7.37 1.05 -1.16 0.38 1 62.8 107 72 29.2 28.5 28.3 28.1 21 53 36.0 1012
3 14.77 1.37 9.12 0.25 1 62.2 121 73 29.1 29.3 28.6 28.9 21 38 36.3 1032
Table K13 : Summary results Subject B13
Subject B13 was another of the nominally non injured group of subjects who was currently experiencing a 
chronic or minimal musculoskeletal problem. This subject had problems with a recurrent subluxation of the left 
patella. She reported at the initial session that it had not subluxed or dislocated over the previous 3 months, but 
at the first regular recording session (actually the second attendance as the first session was a stress test), the 
knee was particularly irritable following a prolonged cycling session. The knee showed signs of a mild effusion. 
The knee irritability subsided over the following week and by the second recording session had returned to its 
‘background irritability’ .
The Chart (K15) of the mean potential profile over the test sessions shows that with the exception of the left 
knee potential on Session 1, the overall profile is very consistent and is in keeping with the expected results.
The left knee potential on Session 1 was larger (more positive) than on subsequent sessions. This is consistent 
with a localised unilateral injury and is in keeping with Subject B5 potentials immediately following injury. 
With a patella subluxation, both the medial and lateral joint structures will be affected and the strong positive 
potential for the knee at Session 1 suggests that the lateral side of the joint was primarily traumatised, though 
the lateral mean potential for the same session appears to be entirely ‘normal’ which is unexpected in terms of 
the model predictions..
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Electrode Combination
Subject B13 -  All mean potentials -  All sessions
40.0
KNEE MEDIAL LATERAL
Subject B13 -  All left potentials
Subject B13 -  All right potentials
Chart K15 : Summary results Subject B13
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Subject B14
Status: Injured. (L) ankle injury 1/7 ago. Lateral trauma.
Sessions : 1 session only
Results:
KNEE Mean Pretest SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS I BP D LKN RKN I LANK RANK TEMP I HUMID TEMP BARO1 27.10 3.5a -0.86 0.29 1 67.0 116 I 80 29.3 29.0 I 30.9 31.9 22 I 50 36.5 998
MEDIAL Mean Pretest SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS I BP 0 LKN RKN I LANK RANK TEMP I HUMID TEMP BARO
1 50.43 0.03 5.17 0.96 1 64.0 116 I 80 29.3 29.0 I 30.9 31.9 22 I 50 36.5 998
LATERAL Mean Post test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS I BP D LKN RKN I LANK RANK TEMP I HUMID TEMP BARO
1 43.40 5.99 5.49 0.83 1 67.0 122 I 78 28.5 28.0 I 31.2 31.6 22 I 50 36.5 998
ANKLE Mean Post test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS I BP D LKN RKN LANK RANK TEMP I HUMID TEMP BARO
1 6.31 2.29 -0.87 0.38 1 60.0 122 I 78 28.5 28.0 I__31-? , 31.6 22 I 50 36.5 998
Table K14 : Summary results Subject B 14
Subject B14 was close to being ideal in terms of the injury sustained - a recent inversion injury of the ankle (1 
day previously) which presented with acute localised lateral pain (VAS score =  2.5), and a restricted range of 
active movement (dorsiflexion - plantarflexion on the left (injured) side =  54° compared with a range of 82° on 
the right). The inversion/eversion range was not tested as the subject was reluctant to move out of the rest 
position and as no treatment was being offered as a part of the testing, it would be inappropriate to move the 
joint through a painful range passively. The ankle and hindfoot regions were moderately oedematous 
(subjective finding). On serial circumferential measurement, no significant difference was noted between the 
left and right limb measurements. MVC muscle testing was not undertaken as the subject was very reluctant to 
participate.
The subject could only attend for a single session as she was due to go on clinical placement (residential) the 
following day. Given the opportunity it was decided to take a single series of readings rather than let the 
opportunity pass. The results can not be presented in the same way as for other subjects and therefore the 
session plots are shown in full (Chart K16).
The medial potentials on the left (injured) limb were consistently greater than the 50mV maximum measurable 
by the instrument. The lateral potential was also very close to the 50mV level for the first few minutes of the 
test. The actual potential between the medial electrodes on the left is therefore not known, but it is at least 
+50mV, and possibly more. The instrument function was checked at the time and again immediately afterwards 
to ensure correct operation, and all instrument and system checks were fine, confirming that it was a large skin 
potential rather than an instrument fault. Following this experience, the pre amplifier gain stage (originally
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fixed at 50) was reduced to 10, therefore giving a greater input range which could be monitored (discussed in 
Section 4.2).
KNEES
Time (min)
ANKLE
Time (min)
MEDIAL
Time (min)
LATERAL
Time (min)
Chart K16 : Subject B14 full data plots for Session 1
The model of the expected changes in the differential skin potentials following a lateral ankle injury predicts 
that both the medial and lateral potentials would be larger (more positive) than usual, and that the ankle 
potential would also be larger (more positive). The results of the tests support the model, most strongly for the 
medial and lateral potentials which were both more positive than had been seen in any other subject. The lateral 
side of the ankle was positive relative to the medial side of the ankle. The potentials for the right (non injured) 
limb were also more positive than would be expected from a totally non injurd subject, but not at such a 
significant level.
It was unfortunate that the subject was only able to attend for the single session as this would have been an 
ideal case to follow through. It was also unfortunate that the instrument was not capable of measuring 
potentials in excess of 50mV although, this did provide the stimulus for the gain stage modification.
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Subject B15
Status : Injured. (R) ankle medial 2/52. No treatment. Sub acuteat first presentation.
Sessions : 1 session only
Results:
KNEE Mean Pre test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS I BP D LKN RKN I LANK RANK TEMP I HUMID TEMP BARO1 3.35 0.42 4.31 0.28 2 64.0 114 I 72 29.3 30.1 i 32.2 31.7 22 I 49 36.9 1010
MEDIAL Mean Pretest SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BP D LKN RKN LANK RANK TEMP I HUMID TEMP BARO
1 5.10 0.91 10.16 0.94 2 71.8 114 72 29.3 30.1 I 32.2 31.7 22 I 48 36.9 1010
LATERAL Mean Post test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS 1 BP D LKN RKN LANK RANK TEMP I HUMID TEMP BARO1 9.32 2.92 6.80 3.22 2 71.8 128 I 69 30.8 29.5 I 33.4 32.5 22 I 48 36,9 1010
ANKLE Mean Post test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS I BP D LKN RKN LANK RANK TEMP I HUMID TEMP BARO1 3.00 0.71 0.30 0.55 2 92.0 128 I 69 30.8 29.5 I 33.4 32.5 22 I 48 36.9 1010
Table K15 : Summary results Subject B15
Subject B15 also only attended for a single session and was in fact one of the few subjects who started the trial 
and then failed to attend for any of the booked sessions. The injury experienced was a medial right ankle 
ligament damage during a game of hockey some 2 weeks previously. The injury had not been treated (using 
electrotherapy) or other external appliance except for DIY ice therapy.
The pain was predominantly medial and occured especially on inversion. The rest pain and pain on general 
activity was minimal, but increased following more strenuous activity and exercise. There was some residual 
oedema at the level of the malleoli (in the order of 1.0 cm extra circumference).
The predicted changes in potential profile were for a more positive medial and lateral signals with a possible 
increase in negativity for the ankle potential. The model predicts that during recovery, there would be a shift of 
these initially distorted potentials back towards the baseline (normal) potentials. With only a single set of 
potentials available for analysis, and with an injury which is past its acute phase, the observed changes can not 
be placed on the recovery timescale, although it is suggested that the potentials should be at some point between 
the large initial expected changes and the normal situation. The single session change from the previous subject 
at least had the benefit of being measured soon after the injury when any observed changes were likely to be at 
their maximum.
The medial potential was more positive on the right (injured) side though not by as much as with Subject B14. 
The lateral potential was actually less positive on the injured side (the opposite of the expected change for an 
acute injury) and the ankle potential was more negative as expected though this difference was not marked. The 
change in medial and ankle potentials supports the changes predicted in the model, and the magnitude of the
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changes can theoretically be related to the recovery stage changes (return towards normality). The difference in 
the lateral potential (less positive for the injured limb) are not consistent with the acute injury model or the 
recovery model unless some degree of overshoot can be considered, though this would be unlikely given the 
medial potential profile. The results from a single session do not facilitate further analysis as there is too little 
evidence to support any suggestions.
The results broadly support the model though as anticipated, the differences are not marked. This provides 
useful additional data regarding injured subjects but with the stage of injury, and only the single session, it does 
not contribute to the detailed support of the model to any great extent.
Page K.37
Appendix K
Subject B16
Status : Nominally Non injured.
Sessions : 3 sessions over 46 days
Results:
KNEE Mean Pretest SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BP D LKN RKN LANK RANK TEMP HUMID TEMP BARO1 -3.18 0.31 -0.67 0.40 1 97.0 28.8 28.5 30.2 30.5 22 52 36.3 10122 0.25 0.56 -1.30 0.62 1 117.0 123 77 30.4 32.1 32.5 32.6 24 50 36.7 1020
3 35.45 0.50 -0.24 0.27 1 95.2 109 75 27.3 27.7 31.5 32.2 23 60 36.5 1008
MEDIAL Mean
HR
Pre test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID1 -9.60 2.77 -8.41 2.53 1 94.5 28.8 28.5 30.2 30.5 22 52 36.3 10122 -29.20 1.68 -22.00 3.21 1 120.5 123 77 30.4 32.1 32.5 32.6 24 49 36.7 1020
3 -25.71 19.13 -6.55 3.10 1 96.5 109 75 27.3 27.7 31.5 32.2 23 60 36.5 1008
LATERAL Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID1 -5.57 0.91 -5.88 1.07 1 102.3 29.0 30.4 28.5 29.5 22 52 36.3 10122 -18.97 1.27 -11.71 1.31 1 118.7 113 80 30.5 30.2 32.2 32.4 24 49 36.7 1020
3 34.53 10.68 -5.39 1.03 1 95.0 115 85 27.3 27.8 30.0 30.5 23 60 36.5 1008
ANKLE Mean
HR
Post lest SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -3.77 1.08 -2.38 1.07 1 97.7 29.0 30.4 28.5 29.6 22 52 36.3 10122 4.06 1.93 0.58 2.34 1 120.8 113 80 30.5 30.2 32.2 32.4 24 48 36.7 1020
3 4.50 1.68 -6.21 0.58 1 97.0 115 85 27.3 27.8 30.0 30.5 23 60 36.5 1008
Table K16 : Summary results Subject B 16
Subject B 16 was another who ostensibly came into the non injured subject group but in fact reported that she 
had a persistent right anterior knee pain which was sub acute at the time of testing. The left data from Session 3 
was void due to a faulty connection between the pre amplifier and the main system box.
The medial potentials from both the left and right limbs (Chart K17) seem to lie outside the normal pattern, 
though the flatter B Series profile can be seen for the other electrode combinations. The change in medial 
potentials was seen bilaterally, and in this way, were similar to the changes at a single session seen with Subject 
B6. Examination of the physiological and environmental data fails to provide any indication as to why the 
medial potentials may be affected in this way, especially as the knee, lateral and ankle potentials are within or 
close to the normal limits.
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Electrode Combination
Subject B16 -  Al! mean potentials - All sessions
Subject B16 -  All left potentials
Subject B16 -  All right potentials
Chart K17 : Summary results Subject B16
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Subject B17
Status : Injured. 1/7 post injury (R) lateral ankle
Sessions : 4 sessions over 15 days
Results:
KNEE Mean
HR
Pre test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID1 -7.20 0.29 -10.02 0.45 2 63.0 118 69 29.9 28.7 32.3 33.3 23 53 36.6 10122 -17.15 0.63 -11.98 0.96 3 73.8 110 68 32.2 29.8 33.1 32.6 22 38 36.4 1032
3 0.08 0.15 3.33 0.45 4 78.7 102 66 29.2 29.2 31.1 33.0 22 38 36.7 1029
A 1.66 0.60 -12.53 0.24 3 68.8 94 63 30.4 30.2 33.0 33.6 25 46 36.5 1018
MEDIAL Mean
HR
Pretest SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID
1 -17.33 1.88 -24.02 2.57 2 66.2 118 69 29.9 28.7 32.3 33.3 23 53 36.6 1012
2 -16.16 0.82 -6.38 1.04 3 73.2 110 68 32.2 29.8 33.1 32.6 22 37 36.4 1032
3 -18.40 1.21 -22.44 1.96 4 66.7 102 66 29.2 29.2 31.1 33.0 22 38 36.7 1029
4 -30.76 1.12 -32.11 1.54 3 72.8 94 63 30.4 30.2 33.0 33.6 25 46 36.5 1018
LATERAL Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID
1 -18.73 2.39 -15.29 1.73 2 65.3 108 58 29.8 28.6 32.2 33.6 23 52 36.6 1012
2 -7.67 3.16 -7.04 3.13 3 71.2 107 67 29.3 28.8 32.1 32.0 22 37 36.4 1032
3 -31.97 3.51 -22.51 5.10 4 69.0 103 59 27.2 27.5 30.0 33.1 22 38 36.7 1029
4 -38.78 1.54 -32.56 0.92 3 70.3 104 69 31.2 31.2 32.9 33.3 25 47 36.5 1018
ANKLE Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID
1 -8.54 0.59 -0.53 0.70 2 68.7 108 58 29.8 28.6 32.2 33.6 23 52 36.6 1012
2 -5.06 0.94 -7.07 0.76 3 74.3 107 67 29.3 28.8 32.1 32.0 33 37 36.4 1032
3 -8.07 0.91 2.46 0.77 4 70.8 103 59 27.2 27.5 30.0 33.1 22 38 36.7 1029
4 -4.29 0.42 -2.55 0.49 3 68.2 104 69 31.2 31.2 32.9 33.3 25 47 36.5 1018
Table K17 : Summary results Subject B17
Subject B17 was another subject who presented with an ‘ideal’ injury. The first session was 1 day after an acute 
injury to the right lateral ankle (during an aerobics class). The inversion injury was sustained during full 
weight bearing though the subject continued with the class after a brief rest. On initial examination, the injured 
ankle was swollen by 2.0 cm at the level of the malleoli and by 1.7 cm at the metatarsal heal crcumferences.
The active rage of (pain free) movement was reduced by 50% on the injured side, with the most significant loss 
in plantarflexion. The VAS pain score at Session 1 was 5.0. 1 week later, at the second test session, the VAS 
score had reduced to zero and almost all the active movement range had been restored. The swelling at the 
ankle/foot had reduced, with no difference at the level of the metatarsal heads and 1.5 cm difference at the level 
of the malleoli. There were no real changes in the range of movement, pain or swelling assessment scores at 
sessions 3 and 4 though the subject reported less discomfort generally and was progressively able to do more by 
way of activity and weightbearing without pain.
The expected initial change in potential profile would be for an increased (more positive) potential from the 
lateral and medial electrode combinations combined with a larger (more positive) potential at the affected 
ankle.
The predictions were not upheld in the results when the left and right (injured) potentials are compared. The 
overall profile (Chart K18) of the potentials is not unlike those seen from the non injured and nominally non
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injured subjects. The differences between the left and right potentials is small and when tested by means of both 
an ANOVA and a related 2 sample t test, the results supported the null hypothesis that there was no significant 
difference between the mean potentials. The right lateral potential is marginally more positive than the left 
(non injured) potential, as is the right ankle potential, both at Session 1. The right medial potential is actually 
less positive than the non injured left ankle. The marked changes seen in previous acutely injured subjects, with 
large magnitude changes in mean potentials are not seen with this subject. The model may be inappropriate, 
and the correlation between the predicted and the actual changes noted for previous subjects may have been 
coincidental. With the magnitude of the changes observed with Subject B5 and B14, this appears to be unlikely. 
Both Subject B14 (discussed previously) and this subject were female, of similar age (21 and 27 respectively), 
height,and weight. Both were right handed, and the environmental conditions were as similar as for any two 
subjects from this series. Neither Subject B14 or B17 volunteered for lean body mass calculations so they 
cannot be compared on that basis, but on a subjective observation, there was no marked difference in their %Fat 
levels.
The nonconformity of this subjects mean potentials with those predicted in the injury model cannot be 
explained on the basis of the clinical assessment, physiological or environmental variables. It may be due to an 
individual difference which has not been investigated or due to failure of the model to accurately predict the 
changes following injury.
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Subject B17 -  All right potentials
Chart K18 : Summary results Subject B17
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Subject B18
Status: Non injured
Sessions : 4 sessions over 39 days
Results:
KNEE Mean
HR
Pretest SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID1 1.91 0.53 0.12 0.54 4 76.7 129 84 31.9 30.1 33.0 32.5 23 38 36.9 10322 8,62 0.65 2.34 0.89 1 110.3 133 93 29.5 30.4 33.5 33.2 23 43 36.6 1029
3 3.51 0.92 3.63 0.52 3 73.5 116 79 31.3 31.1 34.1 33.5 25 65 37.0 1012
4 -0.02 0.37 -0.54 0.24 3 70.2 112 80 28.9 28.7 33.0 33.1 23 60 37.0 1006
MEDIAL Mean
HR
Pre test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID1 -11.27 0.65 -18.48 0.73 4 87.3 129 84 31.9 30.1 33.0 32.5 23 38 36.9 10322 -12.30 1.00 -10.30 0.70 1 109.3 133 93 29.5 30.4 33.5 33.2 23 42 36.6 1029
3 -3.42 1.02 0.11 0.61 3 82.7 116 79 31.3 31.1 34.1 33.5 25 66 37.0 1012
4 27.75 3.14 -7.68 1.62 3 69.8 112 80 28.9 28.7 33.0 33.1 23 59 37.0 1006
LATERAL Mean Post test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BP D LKN RKN LANK RANK TEMP HUMID TEMP BARO1 -15.59 1.12 -21.22 0.75 4 88.2 134 95 32.6 30.3 33.3 33.0 23 38 36,9 10322 -20.59 0.90 -18,30 1.36 1 83.8 141 94 30.9 31.0 33.6 32.7 23 42 36.6 1029
3 -9.70 1.53 -5.58 0.89 3 90.1 120 79 30.3 30.3 33,8 33.4 25 66 37.0 1012
4 -12.91 3.35 -7.69 1.84 3 74.6 127 76 28,2 29.2 32.3 32.6 23 59 37.0 1006
ANKLE Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -3.50 0.46 -3.11 0.32 4 88,7 134 95 32.6 30.3 33.3 33.0 23 38 36.9 10322 -5.38 0.44 -3.82 0.40 1 84.8 141 94 30.9 31.0 33.6 32.7 23 42 36.6 1029
3 -3.02 0.93 -1.97 0.25 3 77.3 120 79 30,3 30.3 33.8 33.4 25 66 37.0 1012
4 -6.48 0.89 -0.50 0.86 3 77.2 127 76 28.2 29.2 32.3 32.6 23 59 37.0 1006
Table K18 : Summary results Subject B18
Subject B18 attended for 4 sessions with the first two only two days apart and the second two one month later. 
The overall potential profile (Chart K19) is consistent with the others from the non injured subject population 
in the B Series tests, though there is one exceptional potential (left medial on Session 4). Neither the 
physiological or the environmental conditions were significantly different on that occasion, and additionally, 
the right medial potential at the same session appears to be quite normal. No injury was reported at the last (or 
any other) session. The unilateral medial potential difference for Session 4 may be a further example of a 
spurious or random fluctuation of a particular potential at a single session.
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Subject B18 -  All right potentials
Chart K19 : Summary results Subject B18
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Subject B19
Status : Non injured
Sessions : 3 sessions over 15 days
Results:
KNEE Mean
HR
Pretest 
BP S I BP D
SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity LKN RKN LANK RANK TEMP HUMID1 2.71 0.22 3.55 0.51 4 56.0 137 84 29.2 28.3 32.2 31.5 22 39 36.6 1030
2 0.32 0.42 -1.95 0.37 4 62.2 132 82 30.7 31.4 31.9 32.7 24 51 36.5 1014
3 -0.96 0.58 -1.12 1.80 1 59.4 147 I 90 29.8 29.2 32,6 32.1 21 45 36.5 1010
MEDIAL Mean
HR
Pre test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -6.42 0.25 -10.22 0.45 4 54.0 137 84 29.2 28.3 32.2 31.5 22 39 36.6 1030
2 0.10 0.69 -10.09 0.38 4 62.0 132 82 30.7 31.4 31.9 32.7 24 50 36.5 1014
3 0.46 0.63 -5.29 0.95 1 55.2 147 90 29.8 29.2 32.6 32.1 21 44 36.5 1010
LATERAL Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -13.09 0.29 -15.97 0.71 4 52.8 145 90 29.4 28.8 33.3 32.4 22 39 36.6 1030
2 -8.11 1.10 -11.32 0.74 4 60.8 136 84 30.8 29.9 33.8 33.9 24 50 36.5 1014
3 -5.98 1.86 -6.62 2.15 1 60.0 150 98 29.6 29.7 33.0 31.9 21 44 36.5 1010
ANKLE Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -4.95 0.26 -5.18 1.04 4 59.2 145 90 29.4 28.8 33.3 32.4 22 39 36.6 1030
2 -6.85 0.92 -2.64 1.44 4 58,3 136 84 30.8 29.9 33.8 33.9 24 50 36.5 1014
3 -5.78 0.52 -6.27 0.34 1 60.4 150 98 29.6 29.7 33.0 31.9 21 44 36.5 1010
Table K19 : Summary results Subject B19
Subject B 19 was a non injured subject but who had experienced a mild left adductor strain 3 weeks previously. 
On initial assessment it was noted that there were no current symptoms arising from the injury and the subject 
had just returned to full sporting activity. The right limb potential profile is in keeping with the B Series trend, 
whilst the left (injured) limb profile shows a difference which is most apparent for the medial potentials which 
are positive than might be expected based on previous results. It is possible that this is related to the adductor 
muscle injury though this is not entirely consistent with the Session 1 left medial potential which is the most 
normal of the three. The adductor injury would be expected to affect the medial aspect of the limb to a greater 
extent than the right, but it is more difficult to explain how a upper thigh injury would influence the potential 
recorded between the knee and the ankle. If the injury was able to electrically influence the medial potential, it 
would be resonable to expect a change at the knee combination. The left and right knee potentials are 
remarkably similar and consistent across all sessions (Chart K20).
The subject was one of few to achieve an activity level of 4 in the hour preceding the test session. This was the 
case for Sessions 1 and 2 whereas the unusual medial potential was seen in Sessions 2 and 3 therefore reducing 
the possibility of this being a significant factor.
Appendix K
Subject B19 -  All right mean potentials
Chart K20 : Summary results Subject B 19
Page K.46
Appendix K
Subject B20
Status: Non injured
Sessions : 4 sessions over 51 days
Results:
KNEE Mean
HR
Pre test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION L mean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID1 0.72 0.69 1.88 0.30 1 79.8 142 90 28.9 28.6 30.8 30.6 22 54 36.7 10222 0.22 0.39 -5.76 0.54 1 85.5 142 99 29.6 29.0 31.6 31.3 21 52 36.8 1008
3 -0.95 0.18 2.95 0.13 2 84.7 147 93 27.9 29.6 31.4 31.7 22 50 37.1 1010
MEDIAL Mean
HR
Pretest SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID1 -10.92 1.71 -7.85 1.37 1 81.7 142 90 28.9 28.6 30.8 30.6 22 54 36.7 10222 -10.11 1.02 -10.31 0.84 1 79.6 142 99 29.6 29.0 31.6 31.3 21 52 36.8 1008
3 -16.06 1.37 -1.85 0.77 2 79.8 147 93 27.9 29.6 31.4 31.7 22 50 37.1 1010
LATERAL Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID1 -9.88 0.62 -6.93 0.71 1 79.2 132 85 28.7 28.4 29.9 29.8 22 54 36.7 10222 -8.75 0.42 -4.30 0.84 1 77.7 151 87 28.8 27.8 30.0 29.8 21 52 36.8 1008
3 -16.83 0.58 -6.53 0.68 2 83.1 147 93 25.6 27.6 29.0 29.3 22 50 37.1 1010
ANKLE Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID
1 1.39 0.61 1.09 0.40 1 85.2 132 85 28.7 28.4 29.9 29.8 22 54 36.7 10222 -0.06 0.56 -3.48 0.57 1 82.8 151 87 28.8 27,8 30.0 29.8 21 52 36.8 1008
3 -3.20 0.83 -1.35 1.11 2 86.7 147 93 25.6 27.6 29.0 29.3 22 50 37.1 1010
Table K20 : Summary results Subject B20
Subject B20 was uninjured and remained so during the three weeks of the testing. The potential profile (Chart 
K21) is in keeping with that expected from such a subject with the possible exception of the medial potentials 
which appear to have a greater variability, affected predominantly by those derived from the right limb. On 
considering the separate left/right potential charts, the left limb potentials are consistent and predictable in that 
they are as expected based on the non injured pattern. The right potentials are not markedly different from the 
left, though the very tight pattern on the left does tend to emphasise the minor variations seen.
Page K.47
Appendix K
Subject B20 - All right potentials
Chart K21 : Summary results Subject B20
Page K.48
Appendix K
Subject B21
Status : Non injured
Sessions : 4 sessions over 30 days
Results :
KNEE Mean
HR
Pre test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP 0 LKN RKN LANK RANK TEMP HUMID
1 37.59 1.61 -0.22 0.54 1 75.1 114 75 27.0 29.0 29.0 28.8 21 51 36.6 1006
2 -0.63 1.36 -2.73 0.71 1 73.9 113 71 28.3 28.0 28.8 28.0 21 46 36.5 1015
3 1.57 0.57 -2.39 0.41 3 72.0 113 73 31.6 31.1 33.1 32.5 25 60 36,7 1014
4 2.26 0.60 -0.18 0.92 3 79.5 112 71 27.4 27.9 28.0 28.5 20 63 36.8 1022
MEDIAL Mean
HR
Pretest SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 35.14 2.61 7.74 0.72 1 74.1 114 75 27.0 29.0 29.0 28.8 21 51 36.6 1006
2 -13.24 0.76 -16.92 0.62 1 73.3 113 71 28.3 28.0 28.8 28.0 21 46 36.5 1015
3 4.41 1.70 -5.95 1.69 3 76.7 113 73 31.6 31.1 33.1 32.5 25 60 36.7 1014
4 -4.76 3.46 -4.86 2.22 3 78.7 112 71 27.4 27.9 28.0 28.5 20 63 36.8 1022
LATERAL Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -1.90 0.90 9.60 0.88 1 76.2 110 72 26.2 28.0 27.9 27.7 21 51 36.6 1006
2 -8.58 1.45 -11.86 1.42 1 73.3 110 71 27.9 27.7 27.7 27.0 21 46 36.5 1015
3 0.36 1.71 -3.20 2.07 3 79.4 112 71 30.0 30.8 32.4 32.0 25 60 36.7 1014
4 -9.91 1.29 -8.45 1.06 3 79.4 113 67 26.9 27.7 26.4 27.1 21 63 36.8 1022
ANKLE Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 3.30 0.46 -3.80 0.80 1 77.6 110 72 26.2 28.0 27.9 27.7 21 52 36.6 1006
2 5.36 0.65 3.18 0.83 1 73.6 110 71 27.9 27.7 27.7 27.0 21 46 36.5 1015
3 -0.17 0.41 2.83 0.68 3 76.5 112 71 30.0 30.8 32.4 32.0 25 60 36.7 1014
4 4.67 1.50 1.97 0.80 3 78.9 113 67 26.9 27.7 26.4 27.1 21 63 36.8 1022
Table K21 : Summary results Subject B21
Subject B21 was the only individual from the entire group who was left handed. She was non injured and 
remained so through the 4 test sessions. The potentials from the left limb at Session 1 were not reliable as there 
was a connection fault at the junction between the pre amplifier lead and the main system box which gave rise 
to large frequent spurious signals. The actual skin potential could not reliably be determined given the high 
proportion of noise.
Excepting these first two readings, the potential profile (Chart K22) is unremarkable other than it appears to be 
rather flat, with the knee and ankle potentials very closely grouped and the medial and lateral potentials having 
greater variability.
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Subject B21 - All right potentials
Chart K22 : Summary results Subject B21
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Subject B22
Status : Non injured
Sessions : 3 sessions over 1 month
Results:
KNEE Mean
HR
Pretest SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Actiwty BPS BP D LKN RKN LANK RANK TEMP HUMID1 33.23 0.73 -32.61 0.32 1 66.9 118 76 29.1 28.7 30.7 30.3 23 47 37.1 10062 1.19 0.88 0.50 0.77 3 83.1 116 65 32.4 32.4 34.4 33.7 27 44 36.5 1019
3 10.87 0.83 2.95 0.13 2 79.1 110 56 27.5 28.1 32.7 31.8 21 64 36.4 1022
MEDIAL Mean
HR
Pre test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID1 2.34 0.35 -22.25 0.53 1 83.2 118 76 29.1 28.7 30.7 30.3 23 46 37.1 1006
2 -4.83 0.72 -7.54 0.57 3 84.4 116 65 32.4 32.4 34.4 33.7 27 44 36.5 1019
3 -23.80 1.32 -19.36 0.64 2 80.5 110 56 27.5 28.1 32.7 31.8 21 64 36.4 1022
LATERAL Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -31.22 0.35 7.04 0.44 1 82.9 114 65 29.3 28.3 29.6 29.7 23 46 37.1 1006
2 -7.76 2.96 -4.45 2.21 3 110.6 112 68 33.1 33.0 35.1 34.6 23 40 36.5 1019
3 -30.11 0.99 -23.56 1.21 2 80.3 111 62 28.1 28.3 32.2 31.2 21 64 36.4 1022
ANKLE Mean Post test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BP D LKN RKN LANK RANK TEMP HUMID TEMP BARO
1 -1.39 0.31 -1.55 0.33 1 81.2 114 65 29.3 28.3 29.6 29.7 23 44 37.1 1006
2 -0.31 0.37 4.44 1.16 3 115.3 112 68 33.1 33.0 35.1 34.6 23 40 36.5 1019
3 0.63 0.64 -0.67 0.36 2 81.8 111 62 28.1 28.3 32.2 31.2 21 64 36.4 1022
Table K22 : Summary results Subject B22
Subject B22 attended for 3 test sessions over a 1 month period and remanined uninjured throughout. The 
potential profile (Chart K23) is reasonably normal with the exception of the mean potentials from the knees 
which varied considerably for both the left and right limbs. The left knee at Session 1 was high (positive) at 
33mV whilst the right knee potential from Session 1 was high (negative) at -32mV. On subsequent sessions 
both the left and right knee potentials fell in the typical 0 to lOmV band. The physiological and environmental 
variables were no more extreme at Session 1 than at subsequent sessions and no injury or discomfort was 
reported. The unusual behaviour of the knee potentials at this first session was discussed in Chapter 9.
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Subject B22 -  All right potentials
Chart K23 : Summary results Subject B22
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Subject B23
Status : Non injured
Sessions : 3 sessions over 28 days
Results:
KNEE Mean
HR
Pre test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID1 -6.86 0.59 -1.81 0.58 3 80.4 104 67 29.7 30.5 33.0 31.5 22 43 37.0 10102 2.29 0.33 -0.27 0.74 2 90.0 99 58 29.1 30.5 33.3 32.0 23 58 36.8 1009
3 18.70 1.38 -3.44 0.56 2 76.2 93 59 27.3 28.0 31.2 30.9 20 56 36.5 1022
MEDIAL Mean
HR
Pretest SKiN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID1 -3.51 0.83 2.56 1.32 3 88.2 104 67 29.7 30.5 33.0 31.5 22 41 37.0 10102 8.99 0.56 4.52 0.33 2 93.3 99 58 29.1 30.5 33.3 32.0 23 58 36.8 1009
3 2.36 0.87 8.64 0.81 2 74.9 93 59 27.3 28.0 31.2 30.9 20 57 36.5 1022
LATERAL Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID1 -0.50 0.46 -0.12 3.24 3 87.5 102 64 28.8 29.6 31.5 30.6 22 42 37.0 10102 2.63 2.10 -2.12 0.61 2 83.4 99 58 28.1 29.2 32.1 31.4 23 58 36.8 1009
3 4.95 0.26 7.66 0.26 2 73.0 103 64 27.0 27.4 29.8 29.9 20 57 36.5 1022
ANKLE Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID1 -4.54 1.06 -7.06 0.82 3 82.0 102 64 28.8 29.6 31.5 30.6 22 42 37.0 10102 -1.59 0.80 -4.63 1.05 2 87.6 99 58 28.1 29.2 32.1 31.4 23 53 36.8 1009
3 -0.47 0.28 -1.60 0.23 2 73.6 103 64 27.0 27.4 29.8 29.9 20 57 36.5 1022
Table K23 : Summary results Subject B23
Subject B23 presented an unusual potential profile (Chart K24) with the medial and lateral potentials generally 
more positive than the knee and ankle potentials. This is effectively a reversal of the ‘normal’ potentials where 
the medial and lateral mean potentials were more negative even though with the B Series results this had been 
less marked than with the A Series tests. The subject was non injured and had no ongoing medical problems 
which might account for the reversal. In addition to the overall difference, the left knee potential at Session 3 is 
large (positive) when compared to the left knee potentials at previous sessions and the right knee potential 
throughout. The experimental record from Session 3 offers no obvious explanation as to why this variation 
might have occured. The reversed profile is discussed in Chapter 9.
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Subject B23 - All right potentials
Chart K24 : Summary results Subject B23
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Subject B24
Status: Non injured
Sessions : 4 sessions over 29 days
Results:
KNEE Mean
HR
Pretest SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID1 2.37 0.22 4.18 0.66 2 91.2 118 70 29.9 30.1 30.5 31.8 23 47 36.6 10102 2.60 1.83 4.96 1.65 2 82.6 120 70 29.2 30.0 32.7 32.3 23 59 36.7 1009
3 3.75 0.76 5.61 1.08 3 88.9 117 70 31.2 30.7 34.5 33.9 27 55 36.3 1018
4 0.32 0.66 3.48 0.85 2 62.0 111 67 26.8 27.5 30.9 31.1 21 65 36.0 1022
MEDIAL Mean
HR
Pre test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID1 2.52 3.96 5.20 4.69 2 91.2 118 70 29.9 30.1 30.5 31.8 23 47 36.6 1010
2 2.49 2.40 6.21 2.27 2 83.2 120 70 29.2 30.0 32.7 32.3 23 59 36.7 1009
3 1.46 2.48 -3.39 1.71 3 89.7 117 70 31.2 30.7 34.5 33.9 27 55 36.3 1018
4 6.27 0.28 7.91 1.94 2 62.0 111 67 26.8 27.5 30.9 31.1 21 65 36.0 1022
LATERAL Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID1 -0.50 5.28 0.95 6.54 2 91.5 125 61 29.7 29.0 29.7 30.4 23 46 36.6 10102 1.33 2.36 3.19 2,58 2 88.2 114 64 28.8 28.9 31.8 30.8 23 59 36.7 1009
3 -2.48 3.28 -4.84 3.64 3 90.5 100 60 32.2 31.7 33.9 33.5 27 54 36.3 1018
4 2.66 0.30 1.62 0.60 2 74.0 117 65 25.1 27.2 27.8 28.5 21 65 36.0 1022
ANKLE Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -1.10 0.50 -1.72 1.69 2 90.8 125 61 29.7 29.0 29.7 30.4 23 47 36.6 1010
2 0.96 0.76 4.82 0.77 2 92.9 114 64 28.8 28.9 31.8 30.8 23 59 36.7 1009
3 2.43 1.68 3.57 1.21 3 92.3 100 60 32.2 31.7 33.9 33.5 27 54 36.3 1018
4 -3.15 0.39 -1.51 1.21 2 74.0 117 65 25.1 27.2 27.0 28.5 21 65 36.0 1022
Table K24 : Summary results Subject B24
The potential profile for Subject B24 (Chart K25) was stable but ‘flat’ in keeping with many non injured 
subjects in the B Series. The subject was non injured and remained so during the tests. The results are 
unremarkable with no obvious inconsistencies or variations between the sessions or between the left and right 
potentials. All mean potentials from all electrode locations fell within a +8 to -3mV range with little variation.
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Subject B24 - All right potentials
Chart K25 : Summary results Subject B24
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Subject B2S
Status : Injured. Post op (L) knee removal of AO screw
Sessions : 4 sessions over 29 days
Results:
KNEE Mean
HR
Pretest SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID1 3.65 0.31 1.66 0.41 4 72.0 115 72 28.2 30.4 30.6 31.0 22 60 36.3 10102 -3.49 2.33 -1.12 1.29 2 67.0 107 71 31.2 31.3 33.4 32.7 26 54 36.2 1020
3 -0.51 0.26 3.11 0.26 3 79.0 112 72 30.0 29.6 31.0 30.0 21 63 36.3 1018
4 -0.44 0.39 3.50 0.32 3 83.0 110 73 30.0 30.1 32.3 31.7 24 45 36.0 1020
MEDIAL Mean
HR
Pre test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -1.67 0.64 -5.25 1.56 4 72.0 115 72 28.2 30.4 30.6 31.0 22 60 36.3 1010
2 -19.46 4.27 -16.18 5.90 2 67,0 107 71 31.2 31.3 33.4 32.7 26 54 36.2 1020
3 -6.99 1.60 -2.89 1.37 3 77.0 112 72 30.0 29.6 31.0 30.0 21 63 36.3 1018
4 1.02 0,28 -0.43 0.45 3 84.5 110 73 30.0 30.1 32.3 31.7 24 45 36.0 1020
LATERAL Mean
HR
Post lest SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -8.32 0.48 -8.98 0.61 4 72.0 120 73 28.4 28.9 28.5 29.2' 22 60 36.3 1010
2 -12.27 4.49 -16.73 4.43 2 70.0 103 71 31.1 31.3 34.0 32.7 26 54 36.2 1020
3 -16.95 4.11 -19.14 4.45 3 75.9 125 64 29.7 29.9 29.0 28.6 22 63 36.3 1018
4 -5.00 0.59 -9.12 0.57 3 86.1 108 65 29.6 30.0 30.0 31.2 24 44 36.0 1020
ANKLE Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -4.22 0.51 -6.63 1.01 4 72.0 120 73 28.4 28.9 28.5 29.2 22 60 36.3 1010
2 -1.70 1.00 -8.45 1.13 2 70.0 109 71 31.1 31.3 34.0 32.7 26 54 36.2 1020
3 -4.03 0.90 -5.90 1.06 3 77.0 125 64 29.7 29.9 29.0 28.6 22 63 36.3 1018
4 -5.35 0.24 -2.76 0.16 3 83.4 108 65 29.6 30.0 30.0 31.2 24 44 36.0 1020
Table K25 : Summary results Subject B25
Subject B25 presented with a complex injury and operative history. She had experienced an anterior cruciate 
ligament rupture of the left knee 18 months previously which was combined with a rupture of the left lateral 
collateral ligament. Surgical reconstruction of the left knee was achieved using 2 AO screws (one to the lateral 
tibial plateau and one to the lateral epicondyle of the femur. These screws had been removed 11 days prior to 
the first test session and the subject still had the sutures in situ. The sutures were removed 1 day before the 
second session.
The knee range and circumferential measurements were not made as the subject still had a dressing over the 
operative area. With the sutures in situ, the knee movement range would appear to be restricted even though the 
subject reported that immediately prior to their removal full and pain free movement had been present.
The lateral knee electrode on the left side could not be placed in its usual location due to the dressing and 
sutures. It was decided therefore that the lateral knee electrode on both the left and the right limbs would be 
located immediately posterior to the head of the fibula. The direct comparison of the recorded potentials with 
those from other subjects would not be valid due to this difference, but the within subject analysis was thought 
to be valid if the electrodes were always similarly placed.
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The changes in the potential profile predicted by the model were for a more positive potential from the injured 
(left) knee and a more negative potential for the left lateral electrode combination due to the intervention at the 
lateral aspect of the joint. On considering the potential profile from the 3 sessions (Chart K26), the only 
electrode combination which shows a deviation is for the medial potentials from both limbs at Session 2, when 
both the left and right mean potentials are more negative than on the other occasions. Comparison of the left 
and right potentials over the 3 test sessions shows a very similar profile, and there are no marked differences 
which could be related to the left knee surgery.
Repositioning of the lateral electrode distal to the knee joint may have been responsible for the failure to 
demonstrate the expected difference in potential. The main reason for chosing the posterior fibula head site was 
that due to its close proximity to a bony point, it was considered to be more reproducible than a site on the 
lateral thigh which was not directly related to a local bony point.
The results were expected to show some differentiation from the normal profile and the lack of a significant 
difference between the left and right limb potentials could be related to the alternative electrode position, the 
minimal nature of the injury or the inappropriateness of the model.
The increased negativity of the medial signal at Session 2 was seen bilaterally and it was not considered likely 
that a strong bilateral change in potential could be related to the ‘injury’ on the lateral aspect of the right limb 
only. If the difference had been seen unilaterally, it would have provided more convincing evidence for a 
cause/effect relationship.
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Subject B25 - All right potentials
Chart K26 : Summary results Subject B25
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Subject B26
Status : Non injured
Sessions : Single session - thermal stress test
Results:
Subject B26 was only able to attend for a single session and it was decided to use this opportunity to conduct a 
thermal stress test. The test was for 15 minutes with the electrodes attached to the ankle only. Following a 5 
minute baseline recording, a fan heater was turned on approximately 1 meter away from the subject and was 
left on at full heat for the remaining 10 minutes. The environmental temperature and humidity were monitored 
throughout the session.
The left and right ankle potentials together with the room temperature are shown in Chart K27. Even with the 
heater on at full power, the room temperature only increased by 1°C which was noticable but did not achieve 
the anticipated thermal stress.
Chart K27 : Left and right ankle potentials, room temperature 
and humidity from B26 thermal stress test
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The results give no clear indication of any significant changes in the ankle potential with the alterations in 
temperature or humidity which was achieved. It is possible that a larger change in one of these variables may 
have produced a more definite alteration in the potential, but given that for all tests in the A  and B Series, the 
change in temperature during a single test session was no more than I°C, the test was relevant. The correlation 
analysis for the A Series tests had failed to show a consistent significant relationship between room temperature 
and skin potentials. During this deliberate thermal stress test, the variability of the recorded potentials appeared 
to he unaffected by the temperature change (1°C) over a 15 minute period.
Appendix K
Subject B27
Status : Injured. (R) ankle lateral 10/7 and 3/7
Sessions : 2 sessions over 8 days
Results :
KNEE Mean Pretest SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BP D LKN RKN LANK RANK TEMP HUMID TEMP BARO
1 29.42 4.03 24.85 4.06 4 84.0 120 77 30.9 29.2 30.3 30.5 23 57 36.3 1010
2 2.63 1.56 -0.75 2.18 4 83.0 119 76 30.5 30.7 33.1 33.6 26 61 36.6 1018
MEDIAL Mean Pretest SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BP D LKN RKN LANK RANK TEMP HUMID TEMP BARO
1 17.06 1.59 16.88 1.79 4 74.0 120 77 30.9 29.2 30.3 30,5 23 57 36.3 1010
2 -5.61 7.63 -6.96 9.54 4 83.0 119 76 30.5 30.7 33.1 33.6 26 61 36.6 1018
LATERAL Mean Post test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BP D LKN RKN LANK RANK TEMP HUMID TEMP BARO
1 -9.32 6.09 -3.04 7.36 4 74.0 121 78 30.9 29.0 29.3 30.1 23 57 36.3 1010
2 -12.01 14.27 -4.45 13.16 4 84.0 126 79 30.7 30,9 33.4 33.8 26 60 36.6 1018
ANKLE Mean Post test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BP D LKN RKN LANK RANK TEMP HUMID TEMP BARO
1 25.38 0.79 28.65 0.63 4 72.0 121 78 30.9 29.0 29.3 30.1 23 57 36.3 1010
2 0.38 0.97 6.15 3.67 4 81.0 126 79 30.7 30.9 33.4 33.8 26 60 36.6 1018
Table K26 : Summary results Subject B27
Subject B27 was suffering from a repeated right ankle injury. This consisted of a lateral ankle sprain on two 
occasions (10 days and 3 days prior to the first test session). The two injuries were almost identical in their 
causitive mechanism and severity and no active treatment had been received on either occasion. This subject 
also had a longstanding (2-3 year) bilateral anterior knee pain as a result of intensive competitive swimming. 
This had been resolved some months previously on stopping all swim training and competition though a 
background knee pain persisted. At the time of the tests, the problem was at a normal, background level.
The potential profile (Chart K28) was remarkably symmetrical with both limb patterns being almost identical 
at each session, and only the lateral potentials remaining stable between the tests. There was no observable 
difference between the potentials from either limb and no differences which could be related to the injuiy.
The clinical findings on examination before the first test session showed a decrease in the active movement 
range of 22° in the right (injured) ankle plus a 25% reduction in active inversion on the same side. The 
ankle/foot oedema was not marked with a 1cm increase in malleolar circumference and no difference at the 
level of the metatarsal heads. By the second visit (1 week later) there was no measurable difference in the active 
ankle ranges or in the oedema. The pain reported at Session 1 gave a VAS pain score of 2.3 which had reduced 
to 1.8 at the second visit.
The expected increased positive right ankle and lateral potential can not be seen from the profile, and any 
difference which could be associated with the injury is equally represented in the left (non injured) limb. The 
shift of knee, medial and ankle potentials from both limbs from Sessions 1 to 2 is large by comparison with
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other subjects in the series. All 3 mean potentials were more positive than would have been expected at Session 
1 and this can not be accounted for in terms of the physiological or environmental variables recorded. Detailed 
correlation analysis can not reliably be preformed on the basis of two test sessions. The high positive potentials 
at Session 1 may be related to an instrument fault involving the power supply to the main system box. This 
could lead to incorrect data being sent to the computer and the consistently large potentials may be related to 
this. Whether the mean potentials are accurate or not cannot be determined and in view of the stability of the 
lateral potentials, the results were accepted but with caution.
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Subject B27 -  All right potentials
Chart K28 : Summary results Subject B27
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Subject B28
Status : Injured. Acute 1/7 (R) ankle- lateral.
Sessions : 3 sessions over 10 days
Results:
KNEE Mean Pre test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activity HR BPS BPD LKN RKN LANK RANK TEMP HUMID TEMP BARO
1 11.39 1.07 -2.16 0.28 2 84.0 125 70 31.8 29.8 34.2 34.3 26 39 36.6 1020
2 8.27 0.34 -3.39 0.26 1 80.0 125 70 32.4 — 31.8 . . . 28 39 36.9 1019
3 0.51 0.42 -7.72 0.53 2 125 73 27.9 28.9 31.6 33.1 20 61 36.7 1022
MEDIAL Mean Pre lest SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activttv HR BPS BPD LKN RKN LANK RANK TEMP HUMID TEMP BARO
1 -5.22 0.92 -10.91 0.66 2 82.0 125 70 31.8 29.8 34.2 34.3 26 39 36.6 1020
3 11.08 2.16 0.67 1.19 2 125 73 27.9 26.9 31.6 33.1 20 61 36.7 1022
LATERAL Mean Post test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activttv HR BPS BPD LKN RKN LANK RANK TEMP HUMID TEMP BARO
1 -15.12 0.77 -3.60 1.75 2 84.0 125 74 31.3 30.1 34.6 34.8 26 40 36.6 1020
3 18.67 1.94 11.52 0.51 2 124 76 27.8 27.3 31.5 33.6 20 61 36.7 1022
ANKLE Mean Post test SKIN TEMP ENVIRONMENTAL CORE
SESSION Lmean Lsd Rmean Rsd Activttv HR BPS BPD LKN RKN LANK RANK TEMP HUMID TEMP BARO
1 -1.09 0.33 3.82 1.85 2 85.0 125 74 31.3 30.1 34.6 34.8 26 40 36.6 1020
3 5.55 1.33 0.76 0.69 2 124 76 27.8 27.3 31.5 33.5 20 61 36.7 1022
Table K27 : Summary results Subject B28
Subject B28 was another who had sustained an injury on the day before the first test session. The subject 
tripped and fell with a resulting right ankle injury affecting the lateral ligament complex. At the first visit, no 
active treatment (electrotherapy) had been applied, only DIY ice and active exercise. The injury was quite 
severe in clinical terms with an initial VAS pain score of 7.2, a restricted range of ankle movement (left = 60° 
and right = 28° for combined plantar and dorsiflexion). Inversion was too painful to be attempted. There was a 
2cm swelling on the right side at the level of the malleoli.
Only the knee potentials could be recorded at Session 2 due to a freshly applied pressure bandage which also 
prevented clinical assessment apart from the VAS pain score which was 2.7. Session 3 was at 10 days after the 
initial injury. The unfortunate gap was attributable to two non attendances. At Session 3, the VAS pain score 
had reduced to 2.3 and the active movement of the affected (right) ankle was only 12° less than the unaffected 
limb. The malleolar oedema was static at +2cm.
The subject had been treated with ultrasound and pulsed shortwave therapy between Sessions 1 and 2, with the 
ultrasound continuing between Sessions 2 and 3. Details of the treatment parameters were not known by the 
subject.
The potential profile (Chart K29) for the right (injured) limb fails to show the dramatic alteration in potentials 
seen in Subjects B5 and B14. The pattern of the mean potentials from the left and right limbs are very similar
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on each occasion even though the actual magnitude of the potential differs, with the right (injured) limb 
potentials being more negative. There was a change in the potential profile between Sessions 1 and 3, though 
the difference between the sessions is less marked for the injured limb. Between Sessions 1 and 3, the left (non 
injured) ankle potential became more positive whilst over the same time period, the right (injured) ankle 
potential became less positive. Although this is the direction of the change predicted in the model, the 
magnitude of the chamge is relatively small and comparable changes have been observed in non injured 
subjects.
The differences expected, based on the injury model, were that the lateral, medial and ankle potentials on the 
right side would be more positive that the equivalent potentials from the left limb. This was the case at Session 
1 for the ankle and lateral potentials, but the differences were relatively small (a few mV only). The medial 
potentials were more negative for the injured limb at Session 1. The expected negative shift between Sessions 1 
and 3 predicted failed to materialise.
The loss of Session 2 data and the unknown effects of the treatment intervention following Sessions 1 and 2 
compound the confused picture presented by these results. The active electrotherapy treatment may have 
exerted a large influence on the potentials - an effect which is almost totally unknown in terms of established 
research. This does not mean that with the extra data or if treatment had not been given, the results would have 
been of the same order as for the other acutely injured subjects, but the effects of these elements are unknown 
and therefore limit the strength of the analysis.
Appendix K
Subject B28 - All mean potentials -  All sessions
Subject B28 - All left potentials
Subject B28 - AH right potentials
Chart K29 : Summary results Subject B28
Appendix K
Subject B29
Status : Bilateral chondromalacia - currently quiescent
Sessions : Single session including skin resistance monitoring
Results:
Subject B29 was only able to attend for a single test session but volunteered for the first use of the combined 
skin resistance level (SRL) and DSSP (routine) measurements. The methodology and results of these tests are 
detailed in Section 9.11.
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Subject B30
Status : Old (L) quadriceps injury. Chronic ++. Not currently being treated.
Sessions : 3 sessions over 8 days
Results:
KNEE Mean
HR
Pretest SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BP D LKN RKN LANK RANK TEMP HUMID
1 -3.10 0,32 -2.01 0.42 2 80.6 128 84 31.4 29.8 31.9 31.8 22 60 36.8 1022
2 1.44 0.18 0.56 0.47 3 66.8 120 83 30.4 30.2 32.1 32.3 22 56 36.5 1022
3 •0.44 0.33 5.57 0.21 3 74.4 118 79 29.8 30.0 30.5 60.8 20 56 36.4 1020
MEDIAL Mean
HR
Pre test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID
1 -1.96 8.75 -8.34 0.31 2 79.3 128 84 31.4 29,8 31.9 31.8 22 60 36.8 1022
2 -17.44 0.68 -16.08 0.71 3 71.0 120 83 30.4 30.2 32.1 32.3 22 66 36.5 1022
3 -12.39 4.08 -4.97 4.16 3 73.9 118 79 29.8 30.0 30.5 60.8 20 56 36.4 1020
LATERAL Mean
HR
Post lest SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID
1 -11.53 0.20 -16.33 0.30 2 79.4 142 85 30.2 29.8 31.1 31.4 22 59 35.8 1022
2 -19.08 0.32 -17.95 0.92 3 71.2 133 79 29.9 30.0 31.0 31.1 22 55 36.5 1022
3 -16.26 0.39 -16.45 1.08 3 75.0 129 76 27.3 30.0 31.2 32.1 20 54 36.4 1020
ANKLE Mean
HR
Post test SKIN TEMP ENVIRONMENTAL CORE
TEMP BAROSESSION Lmean Lsd Rmean Rsd Activity BPS BPD LKN RKN LANK RANK TEMP HUMID
1 •5.32 0.74 -8.43 0.61 2 76.3 142 85 30,2 29.8 31.1 31.4 22 59 36.8 1022
2 -2.64 0.93 -6.17 0.60 3 72,6 133 79 29.9 30.0 31.0 31.1 22 55 36,5 1022
3 -3.56 1.42 -6.07 1.49 3 75.0 129 76 27.3 30.0 31.2 32.1 20 54 36.4 1020
Table K28 : Summary results Subject B30
Although Subject B30 had reported an old injury, there were no clinical signs remaining and the subject 
reported that he did not experience and restrictions in sporting activity. The potential profile (Chart K30) was 
in keeping with the general pattern for the B Series, with the left limb potentials presenting a stable and quite 
tight grouping. The right limb potentials were less tightly grouped, with the medial and knee potentials more 
widely spread. There was nothing particularly remarkable about the potentials and nothing which indicated that 
the old left thigh injury was giving rise to electrical potential differences which were identifiable from the 
profiles.
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Subject B30 - All right potentials
Chart K30 : Summary results Subject B30
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L. B Series Biogram Test Results
The results from the 7 Biogram tests conducted during the B Series (Section 9.11) are presented in this 
Appendix. Detailed information regarding the magnitude of the DSSP’s is not included, only the combined 
charts showing the relationship between the left and right limb DSSP’s and the simultaneously monitored SRL 
from the right index and middle fingers. The test protocol and discussion of the results is included in Section 
9.11.
All charts use a normalised value for the skin resistance (i.e. that the initial value was taken as zero, with all 
other values in the test related to it. This overcomes the problem of each test involving a stabilisation and gain 
manipulation element. The scale offers a more direct method for comparing variability between different 
electrode combinations and from different subjects. The scaling for both the primary (Normalised Skin 
Resistance) and the secondary (Absolute Skin Potential) Y  axes in the charts which follow have been adjusted 
to show most clearly the possible relationship between the potentials and the resistance values. Some subjects 
showed a wide variation in data magnitude whilst others showed very little, and by using a scale which was 
common to all the charts, many results appeared to he relatively meaningless flat lines. It was decided therefore 
that changing the scaling for each chart was the most appropriate way to show the results.
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L . l  Subject B18
Charts LI and L2 : Simultaneous SRL and DSSP measurements from Subject B18 Knee and Ankle electrode
combinations
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Charts L3 and L4 : Simultaneous SRL and DSSP measurements from Subject B18 Medial and Lateral electrode
combinations
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L .2  Subject B21
Charts L5 and L6 : Simultaneous SRL and DSSP measurements from Subject B21 Knee and Ankle electrode
combinations
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Charts L7 and L8 : Simultaneous SRL and DSSP measurements from Subject B21 Medial and Lateral electrode
combinations
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L.3 Subject B22
Charts L9 and L10 : Simultaneous SRL and DSSP measurements from Subject B22 Knee and Ankle electrode
combinations
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Charts LI 1 and L12 : Simultaneous SRL and DSSP measurements from Subject B22 Medial and Lateral
electrode combinations
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L.5 Subject B24
Charts L17 and L18 : Simultaneous SRL and DSSP measurements from Subject B24 Knee and Ankle electrode
combinations
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Charts L19 and L20 : Simultaneous SRL and DSSP measurements from Subject B24 Medial and Lateral
electrode combinations
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L.6 Subject B25
Charts L21 and L22 : Simultaneous SRL and DSSP measurements from Subject B25 Knee and Ankle electrode
combinations
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Charts L23 and L24 : Simultaneous SRL and DSSP measurements from Subject B25 Medial and Lateral
electrode combinations
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L.7 Subject B30
Charts L25 and L26 : Simultaneous SRL and DSSP measurements from Subject B30 Knee and Ankle electrode
combinations
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Charts L27 and L28 : Simultaneous SRL and DSSP measurements from Subject B30 Medial and Lateral
electrode combinations
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M. C Series Test Results
The results of the C Series tests were discussed in Chapter 10. The Charts of the mean potential profiles were 
also given to facilitate the discussion. The data included in this Appendix gives the mean potentials, standard 
deviations and essential physiological and environmental factors which were monitored during the tests.
In the tables, the mean for the left and right limbs are given in mV, The HR is the mean heart rate for the 5 
minute test in beats per minute. BP S and BP D are the systolic and diastolic blood pressure in mm/Hg. The 
environmental and core temperatures are quoted in °C and the humidity in %.
M .l Subject Cl
S U B J E C T  C1
KN EE Mean
HR
Pre test ENVIRONMENTAL CO RE
TEMPSESSIO N L mean L s d R mean R sd Activity B P S BP D TEMP HUMID
1 3.06 0.51 4.47 0.85 1 64.9 120 84 22 69 36.3
2 22.37 1.34 6.07 0.49 1 70.6 140 90 22 69 36.5
3 8.00 0.42 2.87 0.16 1 76.1 22 72
MEDIAL Mean
HR
Pre test ENVIRONMENTAL CORE
TEMPSESSIO N L mean L sd R mean R sd Activity B P S BP D TEMP HUMID
1 -22.58 0.86 -19.60 1.89 1 63.5 120 84 22 69 36.3
2 -14.76 1.70 -23.78 1.58 1 69.0 140 90 22 69 36.5
3 -11.45 2.18 0.66 3.38 1 73.4 22 72
LATERAL Mean
HR
Post test ENVIRONMENTAL CO RE
TEMPSESSIO N L mean L s d Rm ean R sd Activity B P S BP D TEMP HUMID
1 -8.46 0.83 -9.30 0.74 1 64.5 120 84 22 69 36.3
2 -23.61 1.03 -4.93 1.43 1 69.2 140 90 22 69 36.5
3 -16.19 1.03 2.43 0.58 1 73.2 22 72
ANKLE Mean
HR
Post test ENVIRONMENTAL CO RE
TEMPSESSIO N L mean L s d R mean R sd Activity B P S BP D TEMP HUMID
1 9.40 1.60 12.45 1.49 1 65.7 120 84 22 69 36.3
2 -13.16 2.29 -18.11 1.99 1 70.4 140 90 22 69 36.5
3 5.06 1.15 1.93 1.32 1 70.2 22 72
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M.2 Subject C2
SU B JECT 02
KN EE Mean Pre test ENVIRONMENTAL CO RE
SESSIO N L mean L s d R mean R sd Activity HR B P S B P D TEMP HUMID TEMP
1 1.24 0,52 -1.80 0.41 1 74.8 110 74 23 69 36.4
2
3
5.45 0.81 3.40 0.42 1 77.6 120 72 22 72 36.4
MEDIAL Mean Pre test ENVIRONMENTAL CO RE
SESSIO N L mean L sd R  mean R sd Activity HR B P S B P D TEMP HUMID TEMP
1 -44.21 3.16 -50.32 1.09 1 72.4 110 74 23 69 36.4
2
3
-35.15 6.74 -30.38 4.79 1 68.9 120 72 22 72 36.4
LATERAL Mean Post test ENVIRONMENTAL CO RE
SESSIO N L mean L s d R mean R sd Activity HR B P S B P D TEMP HUMID TEMP
1 -30.30 1.29 -29.51 1.83 1 74.8 110 74 23 69 36.4
2
3
-15.72 0.84 -15.55 2.53 1 71.3 120 72 22 72 36.4
ANKLE Mean Post test ENVIRONMENTAL CO RE
SESSIO N Lm ean L sd R mean R sd Activity HR B P S B P D TEMP HUMID TEMP
1 -15.30 5.09 -19.30 3.58 1 77.2 110 74 23 69 36.4
2
3
31.01 6.47 24.99 5.43 1 67.0 120 72 22 72 36.4
M.3 Subject C3
SU BJECT C3
KN EE Mean
HR
Pre test ENVIRONMENTAL CORE
TEMPSESSION L mean Lsd Rm ean R sd Activity B P S B P D TEMP HUMID
1 -1.29 0.22 -0.85 0.66 1 85.5 140 80 23 68 37.0
2 -4.19 1.14 2.99 0.35 1 84.0 120 80 21 56 37.0
3 -13.43 0.02 -2.43 0.20 1 79.1 120 70 21 62 36.6
4 -15.81 0.71 9.60 0.33 1 79.8 120 60 22 72 36.7
MEDIAL Mean
HR
Pre test ENVIRONMENTAL CO RE
TEMPSESSIO N L mean Lsd R  mean R sd Activity B P S B P D TEMP HUMID
1 -27.59 3.63 -25.22 1.91 1 88.3 140 80 23 68 37.0
2 -45.19 1.57 -25.37 1.24 1 88.1 120 80 21 56 37.0
3 -49.70 0.56 -44.39 0.66 1 86.7 120 70 21 62 36.6
4 -47.04 0.56 -24.17 0.64 1 74.1 120 60 22 72 36.7
LATERAL Mean
HR
Post test ENVIRONMENTAL CO RE
TEMPSESSIO N L mean L sd Rm ean R sd Activity B P S B P D TEMP HUMID
1 -27.04 0.53 -20.07 0.88 1 89.4 140 80 23 67 37.0
2 -33.10 0.64 -20.84 1.60 1 87.0 120 80 21 56 37.0
3 -34.31 0.87 -37.30 0.95 1 78.3 120 70 21 62 36.6
4 -31.41 0.59 -31.71 0.62 1 76.5 120 60 22 72 36.7
ANKLE Mean
HR
Post test ENVIRONMENTAL CO RE
TEMPSESSION Lm ean Lsd R mean R sd Activity B P S BP D TEMP HUMID
1 1.70 2.88 5.48 1.98 1 84.8 140 80 23 66 37.0
2 2.56 0.33 4.03 0.77 1 85.0 120 80 21 56 37.0
3 -0.43 0.43 2.45 0.96 1 80.6 120 70 21 62 36.6
4 -1.57 0.69 -1.37 0.82 1 74.3 120 60 22 72 36.7
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M.4 Subject C4
SU BJECT C4
KN EE Mean
HR
Pre test ENVIRONMENTAL CO RE
TEMPSESSIO N L mean L s d Rm ean R sd Activity B P S B P D TEMP HUMID
1 -0.49 0,21 4.36 0.35 1 69.2 131 98 22 64 36.5
2 0.83 1.38 -10.72 0.78 1 67.3 130 70 23 51 36.7
3 3.88 0.71 -0.90 1.93 1 65.7 180 80 22 57 36.6
4 -3.63 1.14 -8.46 0.67 1 66.8 190 100 19 72 36.7
5 -11.11 2.07 -6.25 1.26 1 71.6 170 95 21 56 37.5
6 -4.99 0.37 0.89 0.21 1 75.1 160 95 21 64 37.0
7 0.10 0.54 4.06 0.23 1 72.1 155 90 22 62 37.0
8 -3.01 0.19 4.85 0.19 1 72.2 150 90 21 54 36.2
MEDIAL Mean
HR
Pre test ENVIRONMENTAL CO RE
TEMPSESSIO N Lm ean Lsd R mean R sd Activity B P S B P D TEMP HUMID
1 -13.04 0.25 -22.36 0.52 1 74.4 131 98 22 64 36.5
2 -16.74 0.73 -17.03 0.81 1 68.5 130 70 23 51 36.7
3 -25.45 3.40 -33.00 1.48 1 62.9 180 80 22 57 36.6
4 -11.13 1.92 -11.85 0.85 1 67.7 190 100 19 72 36.7
5 -17.88 0.27 -21.20 0.43 1 73.5 170 95 21 56 37.5
6 -15.43 4.24 -17.67 2.29 1 72.6 160 95 21 64 37.0
7 -0.74 0.72 -9.47 0.35 1 70.1 155 90 22 62 37.0
8 -19.20 2.74 -28.05 4.32 1 76.4 150 90 21 54 36.2
LATERAL Mean
HR
Post test ENVIRONMENTAL CO RE
TEMPSESSIO N Lm ean L sd Rm ean R sd Activity B P S B P D TEMP HUMID
1 -27.01 6.32 -21.48 6.79 1 72.2 131 98 22 64 36.5
2 -14.54 0.71 2.38 0.33 1 68.4 130 70 23 51 36.7
3 -29.36 1.41 -31.34 2.38 1 62.9 180 80 22 57 36.6
4 -12.96 1.34 -4.76 0.84 1 67.2 190 100 19 72 36.7
5 -4.37 1.19 -0.24 0.59 1 73.6 170 95 21 56 37.5
6 -8.17 3.48 -14.03 0.28 1 74.4 160 95 21 64 37.0
7 -12.86 0.30 -11.27 0.19 1 72.4 155 90 22 62 37.0
8 -24.94 1.36 -22.09 0.41 1 70.8 150 90 21 54 36.2
ANKLE Mean
HR
Post test ENVIRONMENTAL CO RE
TEMPSESSIO N Lm ean L s d Rm ean R sd Activity B P S B P D TEMP HUMID
1 -0.93 4.05 0.20 1.29 1 69.3 131 98 22 64 36.5
2 -2.01 0.21 9.14 0.29 1 68.0 130 70 23 51 36.7
3 -4.35 0.54 -0.14 0.37 1 64.6 180 80 22 57 36.6
4 -3.40 0,30 -0.61 0.24 1 66.0 190 100 19 72 36.7
5 2.01 3.20 2.54 2.94 1 73.3 170 95 21 56 37.5
6 -7.48 0.17 1.95 0.34 1 76.9 160 95 21 64 37.0
7 -9.96 0.13 2.89 0.18 1 68.5 155 90 22 62 37.0
8 -6.30 0.17 7.65 0.63 1 68.3 150 90 21 54 36.2
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M.5 Subject C5
SU BJECT C5
KN EE Mean
HR
Pre test ENVIRONMENTAL CO RE
TEMPSESSIO N Lm ean L sd R mean R sd Activity B P S BP D TEMP HUMID
1 38.36 1.95 10.65 0.18 1 73.0 120 90 21 61 36.6
2 2.85 0.19 5.05 0.38 1 72.2 90 70 21 59 36.4
3 33.43 0.19 6.88 0.30 1 59.8 120 80 20 46 36.5
4 5.57 0.20 9.93 0.22 1 67.3 100 68 21 50 36.2
5 -7.26 0.69 12.39 2.31 1 65.0 100 69 20 55 36.5
6 7.22 0.44 -0.15 2.07 1 78.9 110 80 21 53 36.5
7 0.74 0.72 -6.14 0.46 1 65.5 110 70 21 63 36.7
MEDIAL Mean Pre test ENVIRONMENTAL CO RE
SESSIO N Lm ean Lsd Rm ean R sd Activity HR B P S BP D TEMP HUMID TEMP
1 -33.22 4.90 -26.89 2.11 1 72.5 120 90 21 61 36.6
2 -30.53 2.95 -25.32 2.86 1 72.9 90 70 21 59 36.4
3 -42.02 0.84 -50.87 2.68 1 63.8 120 80 20 46 36.5
4 -46.71 1.51 -43.15 1.84 1 67.8 100 68 21 50 36.2
5 -56.76 0.54 -36.97 1.56 1 64.5 100 69 20 55 36.5
6 -30.91 0.60 -6.90 1.70 1 76.5 110 80 21 53 36.5
7 -41.93 1.79 -30.36 1.08 1 70.5 110 70 21 63 36.7
LATERAL Mean Post test ENVIRONMENTAL CO R E
SESSIO N L mean L s d R mean R sd Activity HR B P S BP D TEMP HUMID TEMP
1 -18.01 1.36 -16.16 0.19 1 69.5 120 90 21 61 36.6
2 -28.35 0.40 -20.79 0.21 1 73.5 90 70 21 59 36.4
3 -29.94 0.45 -36.79 0.53 1 61.0 120 80 20 46 36.5
4 -41.93 2.27 -42.95 1.06 1 65.4 100 68 21 50 36.2
5 -26.12 0.55 -39.12 0.78 1 63.4 100 69 20 55 36.5
6 -23.82 0.51 -15.30 1.02 1 75.1 110 80 21 53 36.5
7 -20.11 0.83 -13.25 0.49 1 68.5 110 70 21 63 36.7
ANKLE Mean Post test ENVIRONMENTAL CO R E
SESSION L mean L sd R mean R sd Activity HR B P S BP D TEMP HUMID TEMP
1 18.02 2.42 22.89 3.39 1 74.3 120 90 21 61 36.6
2 10.17 3.25 14.51 1.68 1 73.6 90 70 21 59 36.4
3 16.21 1.17 22.79 0.67 1 59.4 120 80 20 46 36.5
4 12.49 0.91 11.87 0.76 1 63.8 100 68 21 50 36.2
5 15.34 3.74 4.77 4.14 1 71.7 100 69 20 55 36.5
6 17.24 1.23 4.22 1.42 1 75.9 110 80 21 53 36.5
7 17.16 0.24 16.81 1.01 1 67.3 110 70 21 63 36.7
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